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Self-compacting concrete (SCC) is a recent generation of material introduced in 
the late 1980s and has undoubtedly a great potential in replacing conventional 
concrete especially in highly reinforced members. The development of SCC has 
changed fresh conventional concrete from being a granular material needing vibration 
for compaction into a fluid, with ability to fill formwork and encapsulate reinforcing 
bars under its own self-weight without segregation and bleeding. This new material 
has a large impact on the precast and prestressed concrete industry because it reduces 
skilled manpower and increases productivity in the casting of durable prestressed or 
precast members without mechanical vibration. In the design of prestressed concrete 
structures, the immediate and time-dependent losses in tendon strains (stresses) are 
important parameters. However, most published works on the time-dependent loss in 
tendon strain have been conducted on conventional concrete prestressed members and 
only very limited data exists for SCC prestressed members.  
 
The main objective of this study is, therefore, to study the application of SCC in 
prestressed beams by investigating the loss in tendon strain of the SCC prestressed 
beams due to creep and shrinkage at transfer, after transfer and during service 
compared to that of the conventional concrete prestressed beams. Since the loss in 
tendon strain is dependent on the properties of concrete, it is necessary to understand 
the engineering properties of the SCC as compared to conventional concrete, 
including creep and shrinkage. Four beams, consisting of SCC high and low prestress 
beams (HS, LS), and conventional concrete high and low prestress beams (HC, LC) 
  vi
were cast, subjected to sustained loading and monitored for a duration of 3 months.  
 
The study showed that shrinkage of the SCC was only slightly higher than that of 
the conventional concrete under same ambient condition, although paste volume of 
the SCC was 30 % more than that of the conventional concrete. Creep of the SCC was 
34 % more than that of the conventional concrete under a sustained stress of 9.34 
N/mm2. This research also found that the SCC mix used is applicable for prestressed 
concrete construction as the loss in tendon strain of the SCC prestressed beams was 
lower that that of the conventional concrete prestressed beams after transfer for a 
duration of 22 days. The loss in tendon strain of the SCC and conventional concrete 
prestressed beams was not significant during service (application of service load) for a 
duration of 2 months.  
 
 
Keywords: SCC (self-compacting concrete); conventional concrete creep; shrinkage; 














cA      Area of beam cross section 
psA      Total area of tendons cross section 
d    Diameter of cylinder 
psd    Depth to the centroid of tendons 
e     Base of Napierian logaritma, ( e  = 2.718) 
oe     Eccentricity of prestressing steel measured from the centroid of the beam  
   cross section 
cE    Modulus of elasticity of concrete 
ceE    Effective modulus of elasticity of cocnrete 
ciE    Modulus of elasticity of concrete at time of initial prestressing. 
psE   Modulus of elasticity of tendon 
F    Prestressing force 
cf    Concrete cube strength  
28,cf   28-days concrete cube strength 
cgsf   Stress in the concrete at the centroid of prestressing steel 
FJcgsf )(     Stress in the concrete at the centroid of prestressing steel due to jacking  
      force.   
Gcgsf )(   Stress in the concrete at the centroid of prestressing steel due to self- 
      weight of beam 
pbf    Stress in tendon 
pJf    Stress in the prestressing steel at end of jacking 
psf    Stress in tendon 
pyf    Specified yield strength of prestressing steel 
rf    Modulus of rupture 
cf '    Compressive strength of standard test cylinder 
I    Second moment of inertia 
k     Profile coefficient 
CAK   Correction factor for age at loading (creep) 
CHK   Correction factor for humidity (creep) 
CSK   Correction factor for shape and size (creep) 
SHK   Correction factor for humidity (shrinkage) 
SSK   Correction factor for shape and size (shrinkage) 
tk    The distance from the centroid of concrete cross section to the upper     
        limit of central kern 
L     Length of beam 
l    Span of beam  
cl    Length of cylinder 
  viii
crM   Cracking moment 
DM    Dead Load Moment 
uM   Ultimate moment of resistance 
CRN    A constant which is equal to the time at which the creep strain becomes  
   equal to half the ultimate creep strain 
SHN     A constant which is equal to the time at which the shrinkage strain  
   becomes equal to half the ultimate shrinkage strain 
pin    Initial modular ratio 
P     Point load  
eP    Effective prestressing force 
oP    Prestressing force in the tendon at the jacking end 
r    Radius of gyration of beam cross section 
psr    Radius of curvature 
s    Distance of draw-in 
1S    Stress corresponding to a longitudinal strain of 50 millionths (MPa) 
2S    Stress corresponding to 40% of ultimate load (MPa) 
cgsSS   Stress-strength ratio of concrete at the centroid of prestressing steel 
.cySS   Stress-strength ratio of creep cylinder 
as /   Sand-aggregate ratio 
T    Splitting tensile strength 
t      Time 
it    Beginning of a time interval 
jt    End of a time interval 
ot    Age of concrete at the time of application of loading 
w    Uniform load 
cw    Water content in the concrete mix 
cw /   Water cement ratio 
BW /      Water-binder ratio 
PW /   Water-powder ratio 
x    The depth of neutral axis 
px    The distance from the jack to the point in which prestressing force (after  
   considered friction losses) to be computed 
bZ         Section modulus with respect to extreme bottom fiber 
2ε    Longitudinal strain produced by stress S2 (stress corresponding to 40%  
   of ultimate load) 
ciε    Instantaneous elastic strain of concrete due to loading 
CRε    Creep strain 
UCR,ε   Ultimate creep strain  
cuε    Strain in the extreme compression fiber of concrete at ultimate 
eε    Strain in concrete at the level of tendon due to effective prestressing  
  ix
   force 
paε    Additional tendon strain induced by the applied loading 
pbε    Tendon strain 
peε    Effective tendon strain after long term losses  
SHε   Shrinkage strain at time t 
USH ,ε   Ultimate shrinkage strain  
UCRε   Unit creep of concrete 
UUCR,ε   Ultimate unit creep of concrete 
 τo             Shear stress or yield stress of concrete in Bingham Model 
∆    Deflection of beam 
P∆    Deflection of beam due to point load 
W∆    Deflection of beam due to uniform loading 
inDrawf −∆  Loss in tendon stress due to anchorage draw-in 
pCRf∆   Loss in tendon stress due to creep 
pESf∆   Loss in tendon stress due to elastic shortening 
pSHf∆   Loss in tendon stress due to shrinkage 
pRf∆   Loss in tendon stress due to relaxation of tendon 
pTf∆   Total prestress losses due to creep, shrinkage and steel relaxation 
Cφ    Creep coefficient 
UC ,φ   Ultimate creep coefficient 
ϕ1    Curvature at midspan 
ϕ2    Curvature at support µ    Coefficient of friction 
Bµ     Plastic viscosity of concrete in Bingham Model 
σ    Applied stress 
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The introduction of Self-Compacting Concrete (SCC) in the late 1980s enables 
the prospect of casting densely reinforced and congested members with restricted 
access, where insufficient compaction may lead to an increase in casting flaws and a 
reduction in concrete durability (Okamura, 1997). No vibration is necessary for SCC 
due to its high workability, enabling it to fill formwork and encapsulate reinforcing 
bars under its own weight, with homogeneity, without segregation and bleeding. SCC 
mixes contain a larger amount of fines (powder materials) with high surface area to 
increase the segregation resistance between water and solids. Granite and limestone 
powders have been successfully incorporated in SCC in a previous study (Ho et al., 
2002). SCC is characterized by its filling ability, passing ability and stability 
properties (RILEM 174-SCC, 2000). The good workability, high rate of production 
and durability assurance of SCC create wide acceptance by the prestressed and precast 
concrete industry where congestion of reinforcement is the norm (PCI 
Self-Consolidating Concrete FAST Team, 2003). Many prestressed and precast 
concrete producers currently use SCC for a considerable part or 100 % of their 
production (Walraven, 2003). As mechanical vibration is not necessary in the casting 
of SCC, labour can be used efficiently and this may lead to considerable cost savings. 
The use of SCC in the prestressed concrete industry, especially in precast concrete 
product plants eliminates noise arising from the vibration of poker and formwork 
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vibrators. SCC shortens the construction period and assures full compaction in the 
confined zones in the prestressed concrete structures especially the end-blocks of 
prestressed concrete structures, where compaction by vibration is difficult.  
 
 It is a well known fact that immediate and time-dependent prestress losses play an 
important role in the design of prestressed concrete structures. Literature on prestress 
losses of conventional concrete prestressed structures is easily available 
(Roberts-Wollmann, 1996). However, very limited data exists for SCC prestressed 
structures with regards to time-dependent prestress losses. Although there are many 
research works on SCC, there is still a lack of definitive laboratory tests to investigate 
the performance of SCC in full-scaled prestressed concrete members, in terms of 
prestress loss. Since SCC is well accepted for prestressed concrete construction, it is 
necessary that more data and information on prestress losses of SCC prestressed 
members be available. Comparison with properly compacted conventional concrete is 
also essential in order to provide a comprehensive understanding for better utilization 
of SCC in prestressed concrete structures. This research is undertaken to study and 
compare the prestress losses of SCC prestressed beams with that of conventional 
concrete prestressed beams at transfer, after transfer and during service. Estimation of 
prestress losses in the prestressed concrete beams is essential at the design stage 
because it may affect service behavior such as camber, deflection and cracking, both 
short term and time-dependent prestress loss. It is expected that the ultimate strength 
of a typical prestressed concrete beam is relatively insensitive to the actual prestress 
losses, normally encountered in practice. 
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 Besides that, an investigation on time-dependent deformation of SCC and 
conventional concrete mixes used, arising from creep and shrinkage is of particular 
interest here as it helps to understand the prestress loss of prestressed beams cast with 
the same mix. 
 
 
1.2 Objectives and Scope of Research 
The objectives of this research are to: 
1) investigate and compare the loss in tendon stress of full-scale SCC prestressed 
beams to that of the conventional concrete prestressed beams due to creep and 
shrinkage at transfer, after transfer and during service. 
2) understand the behavior of the SCC and conventional concrete prestressed 
beams such as deflection, first cracking load, crack pattern and failure mode 
when loaded to ultimate.  
3) compare the material properties of the SCC and conventional concrete, viz. 
compressive strength, tensile strength and modulus of elasticity. 
4) study the creep and shrinkage of the SCC and conventional concrete mixes 
used. 
 
For this study only Grade 40 MPa concrete was tested. To study and compare the 
prestress losses of SCC and conventional concrete prestressed beams, only four 
full-scale 6 meter span prestressed beams were cast. Due to time constraints, the loss 
in tendon strain and deflection of prestressed beams were monitored for only 3 
months. Ultimate load tests were conducted on the prestressed beams after the 
monitoring period. In addition, creep and shrinkage tests for the SCC and 
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conventional concrete were conducted under the same ambient condition for a 
duration of 3 months.    
 
 
1.3 Structure of the Thesis 
The thesis contains six chapters, including the present chapter in which a 
description of the research significance is given, and the objectives and scope of 
research are highlighted. 
 
 In Chapter 2, extensive literature review on the properties of self-compacting 
concrete and time-dependent variables in prestressed concrete beam is presented. The 
review of time-dependent variables in prestressed concrete beam is discussed under 
four major topics: (i) shrinkage of concrete; (ii) creep of concrete; (iii) shrinkage and 
unit creep versus time curves; (iv) modulus of elasticity of concrete; and (v) prestress 
losses. 
 
Chapter 3 discusses the theoretical analysis of prestress loss of prestressed 
concrete beam using time-step method proposed by Naaman (1982). Expressions used 
for computing the prestress loss due to creep and shrinkage are presented. This 
chapter also presents the expressions used for modeling creep and shrinkage of the 
concrete used. Besides that, formula used to obtain theoretical deflection of the 
prestressed beam is described in this chapter.  
 
Chapter 4 discusses the experimental program of this research. This chapter is 
divided into 2 major parts, viz. materials and prestressed beams. In the materials part, 
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descriptions of standard testing of engineering properties of both concrete and steel 
used in this research are presented. In the prestressed beams part, discussions are 
focused on the fabrication of beams, prestressing method and loading of the 
prestressed beams at service and ultimate.  
 
Chapter 5, a discussion on the experiment results is presented. First, material 
properties of both mixes of concretes are described, viz. compressive strength, tensile 
strength, modulus of elasticity, and creep and shrinkage. Secondly, experimental 
results from testing of the prestressed beam specimens are presented. It includes 
immediate loss in tendon strain, time-dependent loss in tendon strain and load tests to 
ultimate on the prestressed beams. 
 
The last chapter summarizes and highlights the main findings from this research. 
Some recommendations for future research work are proposed.
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Engineers nowadays recognize the importance of creep and shrinkage in the 
design of many structures. Extensive research has been reported concerning the nature 
of time-dependent deformation of concrete due to creep and shrinkage (Neville, 1995). 
The role of such time-dependent deformation of concrete is of particular importance 
in prestressed concrete structures especially when they are cast with self-compacting 
concrete (SCC). Self-compacting concrete is concrete which has the ability to fill 
formwork and encapsulate reinforcing bars through the action of gravity and 
compacts under its self-weight without segregation. Self-compacting concrete was 
developed in Japan and the necessity of it was advocated by Okamura (Midorikawa, 
2001) in 1986. SCC has generated significant interest worldwide. As construction 
technology advances, most concrete structures require high strength and durable 
concrete. The need for high structural performance in the construction industry has led 
to an increase in reinforcement volumes and the usage of closely spaced smaller 
diameter bars to limit cracking (RILEM 174-SCC, 2000). The use of vibrators when 
casting can also be restricted particularly when structural members are of an unusual 
shape and configuration needing complicated formwork. Structural members cast 
within confined and enclosed spaces or when high casting heights are involved would 
limit the use of vibrators It is clear that self-compacting concrete can solve the above 
mentioned problems. 
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Prestressed concrete has been used in constructing long span structures such as 
bridges, school halls and factories because it provides a means for effective deflection 
control. Prestressed concrete structures are subjected to relatively high sustained 
stress during its service life. Generally, prestressed concrete can be defined as 
concrete in which internal stresses of such magnitude and distribution have been 
introduced such that the stresses resulting from the given applied loading are 
counteracted to a desired degree. Prestressing involves the intentional creation of 
permanent stresses in the structure for the purpose of improving its behavior and 
strength under various service conditions (Naaman, 1982). Prestressed concrete 
construction has developed a general understanding of its principles and of the design 
procedures by considering various causes of prestress loss such as friction, steel 
relaxation, elastic shortening, creep and shrinkage. Extensive research has been 
carried out to assess the prestress losses due to the above mentioned factors. Creep 
and shrinkage of concrete are major factors which cause the loss in tendon stress of 
prestressed concrete structures. Most of the available literature involves conventional 
concrete as the matrix in the prestressed concrete structures, compaction of the 
concrete is usually achieved by mechanical vibration such as poker vibrators and form 
vibrators. The design procedures or design charts available in design codes need to be 
verified if they are applicable when other special concrete such as SCC is used as the 
matrix when designing prestressed concrete structures.  
 
The application of self compacting-concrete in prestressed concrete construction 
is the main focus of the present study. The advantage of using SCC in the end-blocks 
of prestressed concrete beams which are highly reinforced is obvious. A better 
understanding of the time-dependent deformation due to creep and shrinkage in SCC 
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prestressed structures is needed so that reasonable estimates of the loss in tendon 
stress can be made in these structures. It is obviously important to study prestress 
losses when SCC is used in prestressed concrete construction as the properties of self- 
compacting concrete in the fresh and hardened state are known to be different from 
that of conventional concrete. 
 
In view of the direct influence that creep and shrinkage of concrete (conventional 
concrete and self-compacting concrete) have on prestress losses, this chapter will 
review available literature on the nature of these deformations, the properties of 
concretes and time-dependent variables generally used in the design of prestressed 
concrete beams. Conventional theoretical analysis of losses in tendon stress of 
prestressed concrete beams will be discussed in Chapter 3. 
 
 
2.2 Properties of Self-compacting Concrete 
2.2.1 Fresh Concrete Properties 
Self-compacting concrete has specific fresh state properties which conventional 
concrete does not have. Fresh concrete properties of SCC are obviously related to its 
property of self-compactability. Self-compactability in mechanism terms is related to 
the rheology of fresh concrete. On the other hand, it is also related to workability 
parameters in terms of handling and placing in practice. Rheology and workability of 
SCC will be further discussed in this section. 
 
Rheology behavior is the basic property which influences the performance of 
SCC in the fresh state, especially in the process of casting and self-compacting. 
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Rheology is defined as “the science of the deformation and flow of matter” which 
means that it is related to the relationship between stress, strain, rate of strain and time 
(Tattersall G. H. et al., 1983). Research on the rheology behavior of SCC has been 
under intense study at various research institutes for more than 10 years. Concrete in 
the fresh state can be described as a particle suspension. In the suspension approach, 
the definition of particle and liquid phases can be based on the wide spread of particle 
sizes. In the case of concrete rheology, the suspending media is liquid mortar (a phase 
consisting of water, cement and fine particles) and coarse aggregate particles are 
suspended in it. However, the paste (a phase consisting of water, cement and other 
powder sized particles) will be regarded as suspending media in which sand particles 
are suspended in the case of mortar rheology. In the case of paste rheology, the 
suspending media is water and the cement grains and fine filler particles are 
suspended in it. In the suspension analysis, the content of entrapped air will be 
ignored. It is assumed that concrete rheology is a function of mortar rheology. Mortar 
rheology is a function of paste rheology and finally paste rheology is a function of 
water rheology. The suspension of solid particles in suspended media might be 
affected by the following factors: 
1) Particle concentration;  
2) Particle size distribution;  
3) Particle geometrical shape; and 
4) Degree of particle flocculation. 
 
Rheology of concrete, mortar and paste are very useful in understanding the 
flowing behavior. As for all suspensions, the balance between rheological properties 
and segregation is very important in rheological evaluation and modeling. The 
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rheology behavior of fresh concrete is often defined using the Bingham model. This 
model is explained using two important parameters, yield stress and plastic viscosity. 
It describes the flowing mechanism of fresh concrete. In the Bingham model, a shear 
stress or yield stress, τo is required to obtain any strain and cause movement of fresh 
concrete. This is followed by increasing shear stress with increasing strain rate known 
as plastic viscosity, Bµ . The yield stress and plastic viscosity parameters are shown 
in Figure 2.1. The main influencing mechanisms are the inter-particle friction and the 
free water content which are dependent upon surface tension and particle dispersion. 
The desirable rheological properties of self-compacting concrete are low yield stress 
values, with adequate plastic viscosity. This situation can be considered as one 
approaching a Newtonian fluid in Figure 2.1. The required plastic viscosity of SCC 
depends on the materials used, the casting method to be used and the type and shape 
of the structural members to be constructed. 
 
 There are many types of test equipment to evaluate the rheology properties of 
fresh concrete, mortar and paste of SCC such as BML (Wallevik et al., 1998) and 
BTRHEOM (Sedran et al., 1999). Different apparatus are used to take measurements 
based on different measurement principles. Therefore, the results are not easily 
compared directly.   
 
 In workability terms, self-compactability signifies the ability of SCC to flow by 
itself through the action of gravity and to be self-compacted under its self-weight 
without segregation. A concrete can only be classified as SCC if it is workable and 
passes limits imposed by certain test methods. Filling ability, resistance to segregation 
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and passing ability are three important properties of fresh SCC. 
 
 Self-compacting concrete should have filing ability, which means it must be able 
to deform under its self-weight and flow around various obstacles in its path. This 
property is related to properties used to evaluate the flow, in terms of how far from the 
discharge the fresh SCC can flow, and the speed or velocity of deformation or flowing. 
Slump flow test is a suitable testing method to evaluate the deformation capacity of 
fresh SCC and the final flow diameter is measured after the concrete has completely 
stopped flowing. The velocity of deformation can be evaluated by measuring the time, 
concrete took to reach certain deformation. SCC with good filling ability should have 
a good balance between the deformation capacity and the deformation velocity. There 
are 2 properties which SCC should have to achieve good filling ability, viz. small 
inter-particle friction and paste with good deformability. The concrete would deform 
well if it has low friction between the solid particles which includes coarse aggregates, 
fine aggregates and all types of powder present. To reduce friction arising between 
aggregate, it is necessary to reduce the aggregate content or increase the paste content. 
This will reduce the possibility of inter-particle contact between the aggregates 
present in the matrix. To reduce the friction between powder constituents, active 
agents like superplasticizers are needed to increase the deformability of the paste itself 
and enhance the dispersion of fine particles. The use of superplasticizers reduces 
mostly the yield value (good flowability) and limits the reduction of viscosity or 
cohesiveness. It is impossible to increase the distance between fine particles by 
increasing the water content of the paste because high water content in the paste 
would lead to segregation and undesirable performance of the hardened concrete in 
terms of strength and durability. High water content in the concrete reduces both yield 
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value and viscosity which leads to segregation. Concrete tends to segregate as the 
friction between the aggregate and fine particles is reduced. Therefore, it is effective 
not to increase the deformability of paste and concrete as a whole, but rather to 
increase the deformability or viscosity of the paste in matrix. Paste with good 
deformability is another important property in enhancing the filing ability of SCC. 
The paste must be able to deform well. A reduction of only the inter particle friction 
of the solid phase is not sufficient to achieve self-compactability. SCC must have both 
low yield value (high flowability) and moderate viscosity (high resistance to 
segregation). When possessing these properties, SCC can flow easily around obstacles 
and have high filling capacity. The deformability of SCC is related to the 
deformability of the paste and can be increased by using superplasticizers. 
Superplasticizers addition reduces the yield value and causes a limited reduction in 
the viscosity, unlike water addition which reduces both the yield value and viscosity 
of concrete. Therefore, highly flowable concrete without segregation can be produced 
by adding superplasticizers. Low water to powder ratio (W/P) can limit the 
deformability of the cement paste. Water to powder ratio in SCC needs to be 
controlled by adding various powder materials and fillers because too high a water to 
powder ratio or too low a water to powder ratio will lead to inferior deformability. 
 
 SCC should neither segregate when stationery nor in a flowing state. Segregation 
of concrete is defined as inhomogeneity in a distribution of its constituent materials. 
There are several types of segregation such as bleeding of water, paste and cement 
segregation, coarse aggregate segregation leading to blocking, and non uniformity in 
air-pore distribution. It is vital to reduce the water in the concrete mixture to avoid 
segregation between water and solids. Here, water refers to movable water which does 
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not adhere to the solid particles and can move freely and independently of the solid 
particles in the mixture. Segregation resistance between water and solids can be 
improved by reducing the water content and the water to powder ratio. Powder 
materials especially those with high surface area can be used to increase segregation 
resistance because more water will be retained on the surfaces of the powder materials. 
The segregation can also be reduced by increasing the viscosity of the water through 
the use of viscosity agents.  
 
 There is an extra requirement to be fulfilled by SCC, namely high passing ability. 
When concrete with low passing ability flows through narrow openings or where the 
reinforcement is congested, blocking of coarse aggregates through bridging action 
would occur. The mechanism of blocking can be explained by using two-dimensional 
illustrative models of concrete flowing through an opening as shown in Figure 2.2. 
The aggregate particles clustering around the opening have to change their flow path 
in order to flow through the opening. Collision among such aggregate particles may 
arise, creating opportunities for some of the aggregate particles to form stable arches, 
which block flow of the rest of the concrete. Arching cannot occur if the particles are 
too small compared to the dimension of the opening. To achieve a suitable passing 
ability of SCC, it is a necessity to enhance cohesiveness to reduce aggregate 
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2.2.2 Creep and Shrinkage of SCC 
Self-compacting concrete contains a high volume of paste when compared to 
conventional concrete. Many research works have been carried out to investigate 
whether the properties of concrete are changed due to the increased volume of cement 
paste present in self-compacting concrete. Creep and shrinkage of concrete are of 
major concern in the design of concrete structures especially prestressed concrete 
structures.  
 
 Raghavan et al. (2002) conducted a study to investigate creep and shrinkage of 
SCC compared with a conventional concrete mix. In the study, creep specimens of 
150 mm x 300 mm cylinders were cast and stored at 23°C for 24 hours. The 
specimens were demoulded after 24 hours and stored in a moist condition at a 
temperature of 23°C for 7 days and 28 days, respectively. The water-powder ratio of 
SCC and conventional concrete were 0.86 and 0.40 respectively by volume. The creep 
test was conducted in accordance to ASTM C512-87 (Reapproved 1994). 
Compressive strength was measured on 150 mm x 300 mm cylinders and a load of 30 
percent of the compressive strength was applied on the specimens. Raghavan et al. 
(2002) reported that SCC shows greater initial elastic deformation, but the permanent 
strain induced by creep in SCC is lower compared to that of conventional concrete. 
The initial elastic response of conventional concrete does not change when comparing 
specimens tested at 7 or 28 days. In the case of SCC however, 25 % lower initial 
elastic deformation at 7 vis-a-vis 28 days was reported. Another finding from 
Raghavan et al. (2002) is that the rate of creep for conventional concrete and SCC is 
reduced by 33 % and 50 % respectively when comparing specimens tested at 7 and 28 
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days. This means that the rate of creep reduction for SCC is higher when the age of 
the concrete was increased from 7 to 28 days. The drying shrinkage of SCC was 25 % 
lower than that of conventional concrete, which contained less powder and had higher 
water-powder ratio for the same water content.   
 
 Attiogbe et al. (2002) carried out a study to evaluate the engineering properties of 
self-compacting concrete compared with the engineering properties of conventional 
concrete mixtures. In the study, the water to cementitious materials ratio in both SCC 
and conventional concrete was 0.37. The sand-aggregate ratios ( as / ) by mass were 
0.44 for the conventional concrete and 0.53 for the SCC. The mixtures were designed 
for a nominal compressive strength of 4000 psi (27.58 MPa) at 24 hours. Attiogbe et 
al. (2002) reported that the drying shrinkage of the SCC mixtures is similar to that of 
the conventional concrete mixtures for both steamed-cured and air-cured conditions. 
Specific creep values for the steam-cured SCC and conventional concrete are 
comparable. However, creep of air-cured SCC is slightly higher than that of the 
air-cured flowable concrete. Attiogbe et al. (2002) also presented an analysis of the 
shrinkage and creep data for the steam-cured concretes. The analysis implied that the 
projected ultimate shrinkage is slightly higher and the projected ultimate creep is 
slightly lower for the SCC when compared with conventional concrete. Therefore, it 
implies that in prestressed concrete applications, the long-term prestress losses due to 
shrinkage would be slightly larger and the losses due to creep would be slightly 
smaller for SCC when compared with conventional concrete. The conclusion made by 
Attiogbe et al. (2002) is that the long-term prestress losses associated with the 
combined effects of shrinkage and creep would be similar for both SCC and 
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conventional concrete, provided both SCC and conventional prestressed beams have 
similar initial prestress force. 
 
 Pons et al. (2003) reported on the creep and shrinkage behavior differences 
between SCC and conventional concrete from the tests carried out. Shrinkage strains 
were measured on sealed specimens (endogenous shrinkage) and on specimens 
subjected to desiccation (drying shrinkage, 20°C and 55 % HR-room). The strengths 
of the concrete tested were 40 MPa and 60 MPa. The shrinkage behavior differences 
between SCC and conventional concrete are not significant either under endogenous 
or desiccation conditions. In the creep test, the creep specimens were loaded up to 40 
% of the concrete strength after the age of 7 days. For 40 MPa strength concrete, SCC 
has same total creep deformation when compared with conventional concrete under 
load under endogenous conditions. Under drying conditions, SCC creep deformations 
are slightly smaller than conventional concrete. For 60 MPa concrete, SCC and 
conventional concrete with silica fume have an analogous behavior. Therefore, Pons 
et al. (2003) concluded that SCC and conventional concrete creep behaviors are 
similar. SCC mixes without silica fume exhibited 36 % higher total creep deformation 
when compared with SCC mixes with silica fume. 
 
 According to Persson (1999), creep and shrinkage of self-compacting concrete 
are similar to that of conventional concrete when the strength is held constant. The 
creep coefficient of mature SCC is similar to that of conventional concrete when the 
strength (at loading) is held constant. The creep coefficient of both SCC and 
conventional concrete increased substantially when the concrete is loaded at a young 
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age. The creep coefficient decreases substantially when the strength of concrete is 
high, in much the same manner for both SCC and conventional concrete.   
 
 
2.2.3 Elastic Modulus 
Pons et al. (2003) reported that self-compacting concrete and conventional 
concrete have similar elastic modulus at the same age. Elasticity modulus test was 
carried out 7 days and 28 days after casting. Pons et al. also reported that SCC 
exhibited a setting delay at an early age (1 day) compared to conventional concrete. In 
the study, the 1-day strength/28-day strength values ( 28,/ cc ff ) for SCC and 
conventional concrete were 0.15 and 0.34 respectively. This is the case for the 
majority of SCC tested. 
 
Persson (1999) found that there is little difference between the elastic modulus of 
self-compacting concrete and conventional concrete when the strength of concrete 
was held constant. He proposed a simple equation to estimate elastic modulus of 
concrete as a function of concrete strength. The equation is as follow: 
 
cc fE 75.3=                    (2.1) 
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2.3 Time-dependent Variables in Prestressed Concrete Beams 
2.3.1 Shrinkage of Concrete 
2.3.1.1 Mechanism of Shrinkage 
Drying shrinkage is defined as the loss of water from the concrete when stored in 
unsaturated air. A part of drying shrinkage is irreversible and should be distinguished 
from the reversible moisture movement caused by alternating storage under wet and 
dry conditions. Figure 2.3 shows that once shrinkage has occurred, complete recovery 
will not take place even if the member is placed again in water (Naaman, 1982).  
 
Concrete contains more water than the required amount water for chemical 
hydration reaction of the cement. The excess water is called free water. The loss of 
free water, which takes place first, causes little or no shrinkage. However, as drying 
continues, adsorbed water is removed and the change in the volume of unrestrained 
hydrated cement paste at this stage is equal approximately to the loss of a water layer, 
one molecule thick, from the surface of all gel particles. Since the ‘thickness’ of a 
water molecule is about 1 % of the gel particle size, a linear change in dimensions of 
cement paste on complete drying would be expected, in the range of 61010000 −× ; 
values up to 6104000 −×  have actually been observed (Lea, 1970). 
 
Drying shrinkage is influenced by the gel particle size. Shrinkage would be low 
for much more coarse-grained natural building stones (even when highly porous). On 
the other hand, fine grained shale has high shrinkage. In addition, high-pressure 
steam-cured cement paste, which is microcrystalline and has a low specific surface, 
shrinks 5 to 17 times less than a similar paste when cured normally (L’Hermite, 
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1960). 
 
Shrinkage is also related to the removal of intracrystalline water. Calcium silicate 
hydrate has been shown to undergo a change in lattice spacing from 1.4 - 0.9 nm upon 
drying. In addition, hydrated C4A and calcium sulfoaluminate also show similar 
behaviour. It is not certain whether the moisture movements associated with shrinkage 
is inter or intracrystalline. Since, pastes made with Portland, high-alumina cements 
and pure ground calcium monoaluminate exhibit essentially similar shrinkage, the 
fundamental cause of shrinkage must be sought in the physical structure of the gel 
rather than in its chemical and mineralogical character (Neville, 1995). 
 
Figure 2.4 shows the relationship between the shrinkage and the mass of water 
lost. The shrinkage and mass of water loss for neat cement pastes is proportional to 
one another because no capillary water is present in the pastes and only adsorbed 
water is removed. However, for mixes in which pulverized silica has been added and 
which for workability reasons, require a high water cement ratio, contain capillary 
pores even when completely hydrated. Drying of free water in the capillaries would 
not cause shrinkage. However, once the capillary water has been lost, the removal of 
adsorbed water takes place and causes shrinkage in the same manner as in a neat 
cement paste. Thus, the final slope of all the curves of Figure 2.4 is the same. 
Concretes which contain some water in the aggregate pores and in large cavities (e.g 
honeycombs etc.), show a greater variation in the shape of the curves of water loss 
versus shrinkage. (Neville, 1995). 
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2.3.1.2 Factors Influencing Shrinkage 
The shrinkage of the hydrated cement paste is larger, the higher the water binder 
ratio. It is because water binder ratio determines the quantity of evaporable water in 
the cement paste and the rate at which water can move towards the surface of the 
specimen. Brooks (1989) reported that shrinkage of hydrated cement paste is directly 
proportional to the water binder ratio within the range of W/B of 0.2 and 0.6. At 
higher water binder ratio, the additional water is removed from the capillary pores 
upon drying without resulting in shrinkage. El-Hindy et al. (1994) also reported that 
drying shrinkage is smaller, the lower the water binder ratio.  
 
Aggregate content and the properties of aggregate influence the magnitude of 
shrinkage in concrete. For a given strength, concrete of low workability which 
contains more aggregates, exhibits lower shrinkage compared to a mix of high 
workability made with aggregate of the same size. Aggregate in concrete provides a 
restraining effect on shrinkage. The elastic properties of aggregate determine the 
degree of restraint offered. In addition, other aggregate properties including aggregate 
type, strength, stiffness, size and moisture conditions influence the shrinkage of 
concrete. High aggregate content in a mix result in higher modulus of elasticity of the 
concrete, and this reduces the magnitude of shrinkage in concrete (Neville, 1995). 
 
 Age and size of concrete specimens influence the shrinkage of concrete. The age 
at which concrete is exposed to drying conditions after curing affects the inner 
structure of the concrete. The more mature the concrete, the less shrinkage would take 
place upon drying. The size of specimen influences the drying shrinkage of concrete 
in terms of surface to volume ratio. The higher the surface to volume ratio, the more 
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the drying effect on concrete because of a larger surface area exposed to the drying 
environment. On the other hand, there is no size effect in the case of autogenous 
shrinkage where the concrete specimen is sealed (Neville, 1995). 
 
 The shrinkage of concrete would be increased by including either fly ash or 
ground granulated blast furnace slag (GGBS) in the mix. According to Brooks and 
Neville (1992), a higher proportion of fly ash or slag in the blended cement leads to 
higher shrinkage with water to binder ratio of concrete remaining constant (Neville, 




2.3.2 Creep of Concrete 
2.3.2.1 Mechanism of Creep 
Creep is defined as the increase in strain under a sustained stress. Creep is 
time-dependent and the increase in strain can be several times larger than the 
instantaneous strain on loading. It is of considerable importance in concrete structures 
especially prestressed concrete structures because creep may be the major contributor 
to the loss of prestress in prestressed concrete structures.  
 
When concrete is loaded, the instantaneous strain recorded, depends on the rate of 
applied loading. The instantaneous strain is not only the elastic strain due to the 
loading, but also include some due to creep. It is very difficult to differentiate between 
the elastic strain and creep upon loading (Figure 2.5(b)). However, this is not of 
practical importance as the governing factor is the total strain induced by the 
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application of load. Since the modulus of elasticity of concrete increases with age, the 
elastic deformation gradually decreases. Creep should be taken as strain in excess of 
the elastic strain at the time at which creep is being determined. However, modulus of 
elasticity is not determined at every age, and creep is simply taken as an increase in 
strain above the initial elastic strain. Although this alternative definition is less correct 
theoretically, it does not introduce serious errors and is often more convenient to use 
except when rigorous analysis is required (Neville, 1995). 
 
If a sustained load is removed, the strain decreases immediately by an amount 
equal to the elastic strain at a given age, generally lower than the elastic strain upon 
loading. The instantaneous recovery is then followed by creep recovery as shown in 
Figure 2.6. Creep recovery is a gradual decrease in strain after instantaneous recovery. 
The shape of the creep recovery curve is similar to the creep curve, but the recovery 
approaches its maximum value much more rapidly. The creep recovery is not 
complete and creep is not a reversible phenomenon. Any sustained application of load, 
even over a period of only a day, results in a residual deformation. Creep recovery is 
very important in the prediction of the deformation of concrete which varies with time 
under a stress (Neville, 1995). 
 
 
2.3.2.2 Factors Influencing Creep 
Factors influencing creep can be divided into 2 broad categories, intrinsic and 
environmental. For intrinsic category, the factors influencing creep are the 
composition and type of cement, fineness of cement, mineral admixtures used, such as 
silica fume, ground granulated blast furnace slag and fly ash, chemical admixtures, 
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aggregate content, water-binder ratio, age at loading, strength of concrete, shape and 
size of specimen and stress-strength ratio. On the other hand, under the environmental 
category, the factors influencing creep are those from the medium surrounding the 
concrete while under load such as relative humidity, ambient temperature and curing 
condition (Neville, 1995). Generally, the factors mentioned above are similar for both 
creep under compression and tension. However, the differences between creep under 
compression and tension are found in the magnitudes of deformation, rates of creep, 
and shape of recovery curve (Illston, 1965). 
 
 Wagner (1958) presented a relationship between creep and water-cement ratio 
derived based on tests from various investigators. Figure 2.7 (Wagner, 1958) shows 
that the relative creep (compared to that of 0.65 w/c concrete) increases with an 
increase in water-cement ratio. In contrast, Neville et al. (1966) reported that creep at 
a constant initial stress-strength ratio is greater for a lower water cement ratio. The 
cement paste content for the mixes in the tests was held constant. According to 
Neville (1983), this finding can be explained by considering the fact that the smaller 
the water-cement ratio the lower the strength development of concrete during the 
loading period.  
 
 
2.3.3 Shrinkage and Unit Creep versus Time Curves 
Shrinkage versus time and unit creep versus time curves approach a limiting 
value when carried over a period of time. Exposed to a constant environment, 
shrinkage strains and unit creep strains (under constant load) of concrete increase with 
time and tend asymptotically toward a final maximum value called ultimate shrinkage 
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strain ( USH ,ε ) and ultimate unit creep strain ( UUCR,ε ), respectively.  
 
The rate of increase of shrinkage strain is highest at an early age. For moist-cured 
concrete, about 50 % of the total shrinkage occurs within a month and about 90 % 
within a year of exposure (Naaman, 1982). Unit creep is described as the magnitude 
of creep strain per unit stress. Creep is time-dependent strain in excess of elastic strain 
induced in concrete when subjected to a sustained stress. Contrary to shrinkage, creep 
is caused by loading.  
 
Various types of mathematical expressions have been proposed in the past to 
model time-dependent strains. It has been demonstrated by Troxell et al. (1958) and 
Yang et al. (1966) that logarithmic functions relate time-independent strains to time 
viz, a straight line in a logarithmic plot, very well. The logarithmic expression 
proposed by the U.S. Bureau of Reclamation (1955) to model creep strains is as 
follows: 
 
)1(log)( += tKF eUCRε                         (2.2) 
 
where UCRε  = unit creep, t  = time since loading and )(KF  = rate of unit creep 
with logarithm of time (a parameter obtained experimentally). This expression is used 
for stress-strength ratio lower or equal to 0.35. Good prediction has been obtained 
when compared to experimental data by using Equation (2.2). 
 
Power expressions do not have a finite limit. Straub (1930) suggested that creep 
can be expressed as follows: 
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BA
CR tQσε =                    (2.3) 
 
where =CRε creep, =σ applied stress, =t time under load and =Q a parameter 
depending on the properties of concrete. A  and B  are constants depending on the 
properties of concrete at the time of application of the load. In this expression, the 
value of B  may be adjusted as t  increase in order to avoid tending to reach infinity. 
Bureau of Reclamation (1956) used Straub’s approach to study the time-dependent 
deformation of concrete under load. However, the fit with the experimental results 
was not good. In the study, constants Q , A  and B  were established for 
mass-cured concrete with a water-cement ratio of 0.5 and wet-cured for 13 days at 
21°C (70°F). The concrete was subjected to a stress-strength ratio of 0.35 to 0.65. 
Established Q , A  and B  values were 0.01205, 1.493 and 0.07 respectively. 
 
 Another method to model time-dependent strains is using the hyperbolic 
expressions as proposed by Ross (1937) and developed further by Lorman (1940). 
Ross’s expression is as follows: 
 
BtA
ttCR +=)(ε                       (2.4) 
 
where A and B are constants. From Ross’s expression, ultimate creep ( UCR,ε ) is B/1  
when ∞=t . The ultimate creep can be estimated directly and the constants are 
readily determined from the experimental results. Figure 2.8 shows a plot of 
)(/ tt CRε  against t. It comprises a straight line portion of slope B  which intercepts 
the )(/ tt CRε  axis at A . In practice, experimental data, especially those for later 
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ages (28 days or more) may be fitted using a straight line as shown in Figure 2.8. It is 
preferable to obtained constants which give the correct magnitude and rate of creep at 
later age rather than using an average of all data and this may generate incorrect 
limiting value of creep.  
 










εε                      (2.5) 
 
where )(tCRε  and UCR,ε  are the strains at time t  and the ultimate strain, 
respectively. CRN  is a constant which is equal to the time at which the strain 
becomes equal to half the ultimate strain. This hyperbolic function approaches, 
asymptotically, a constant value which is UCR,ε  when time increases indefinitely. In 
the function, CRN  governs the rate at which this limiting value of creep is 
approached.  
 
   
2.3.4 Modulus of Elasticity of Concrete 
The variables that affect modulus of elasticity of concrete are curing condition, 
concrete age and rate of loading. Prestressed concrete beams under sustained stress 
exhibit what is termed an apparent modulus of elasticity or reduced modulus of 
elasticity due to creep and shrinkage effects (inelastic strains).  
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 Most researchers believe that the modulus of elasticity of concrete increases 
with age. However, some researchers have reported that tests results indicating that 
the effect of concrete age alone on modulus of elasticity of 6 x 12 in (150 mm x 300 
mm) cylinders is negligible (Sinno Raouf, 1968). Experiments conducted by 
Freudential and Roll (1958) have indicated that the variation of modulus of elasticity 
with age is negligible. The moduli of elasticity of 4 x 10 in. (100 mm x 250 mm) or 3 
x 10 in. (75 mm x 250 mm) cylinders subjected to sustained stresses within 8 MPa 
and 28 MPa were not changed with age of concrete over a period of 7 months. Jones 
et al. (1959) reported on the modulus of elasticity of expanded clay aggregate 
concrete. The study indicated that there was definite increase in the modulus of 
elasticity up to 28 days with no significant change in modulus of elasticity during the 
following 2 years test period. 
 
It is believed that the modulus of elasticity increases with an increase in the 
compressive strength of concrete. According to ACI 318-89 (Revised 1992), the 
modulus of elasticity is proportional to the strength raised to a power of 0.5. The 
expression for the secant modulus of elasticity of concrete recommended by ACI 
318-89 (Revised 1992) for structural calculations is as follows: 
 
5.0)'(73.4 cc fE =                   (2.6) 
 
where cE  is the secant modulus of elasticity (GPa) and cf '  is the compressive 
strength of cylinders in MPa.  
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2.3.5 Prestress Losses 
The actual prestress force applied to a prestressed concrete beam continuously 
decrease with time. The total stress reduction during the lifespan of the prestressed 
member is defined as “total loss of prestress”. It is very important that the designer is 
able to calculate and estimate the magnitude of the ultimate loss in tendon stress to 
assure retention of sufficient prestressing force to meet design requirements (Naaman, 
1982). At transfer, the actual prestress force applied to the prestressed concrete beam 
decreases immediately due to elastic shortening of concrete and anchorage draw-in. 
After the immediate losses, the time-dependent prestress losses begin at a rate which 
decreases with time. The time-dependent prestress loss is caused by creep and 
shrinkage of concrete especially in the concrete at the level of tendon. Prestress loss 
resulting from steel relaxation is relatively small, only 2 to 4 %, and 70 % of which 
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Figure 2.3:  Schematic variation of shrinkage strains in concrete with time (Naaman, 





Figure 2.4: Relation between shrinkage and loss of water from specimens of  
cement-pulverized silica pastes cured for 7 days at 21°C and then 
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Figure 2.5: Time-dependent deformations in concrete subjected to a sustained load    
(Neville, 1995). 
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c) Creep of a loaded specimen in hygral equilibrium with the ambient medium 
d) Change in strain of a loaded and drying specimen
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Figure 2.6: Creep and creep recovery of a mortar specimen, stored in air at a relative 
humidity of 95 %, subjected to a stress of 14.8 MPa and then unloaded 




Figure 2.7:  Adjusted data for the content of cement paste (to a value of 0.20), with 
creep expressed as a fraction of the creep at a water-cement ratio of    
0.65 (Wagner, 1958). 
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3.1 Empirical Expressions for Modeling Creep and Shrinkage   
Empirical expressions for modeling creep and shrinkage of concrete derived 
based on test results obtained will be used to estimate the losses in tendon stress of the 
prestressed concrete beams tested. Hyperbolic expressions proposed by Ross (1937) 
and developed further by Lorman (1940), will be used in this research to model creep 
and shrinkage. Hyperbolic expressions were adopted in this research work because of 
their simplicity in arriving at the coefficients ( CRN , SHN , UCR,ε , USH ,ε ) in the 
hyperbolic expressions derived from experiment test data. It is noted that the 
hyperbolic curves approach asymptotically to a constant value (ultimate shrinkage or 
creep) with an increase in time. 
 
 As reviewed in Chapter 2, empirical expressions for creep and shrinkage based on 















εε                 (3.2) 
 
where )(tCRε  and )(tSHε are the creep and shrinkage strains of concrete at time t . 
In both expressions, )(tCRε  and )(tSHε  and t  values can be obtained from 
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experimental creep and shrinkage test results. UCR,ε  and USH ,ε  are constants, which 
are the ultimate creep and shrinkage strains of concrete, respectively. CRN  and SHN  
are also constants, equal to the time at which the strain becomes equal to half the 
ultimate strain. To obtain the ultimate creep, UCR,ε  and shrinkage, USH ,ε  and the 
constants CRN  and SHN , it is convenient to rearrange equations (3.1) and (3.2) in 
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1  for equation (3.3); and 
)(
1
tSHε  versus t
1  for equation (3.4). The creep 
and shrinkage data may then be used to derive the various coefficients.  
 
 
3.2 Prestress Losses 
3.2.1 Immediate Prestress Losses 
Generally, immediate prestress losses in the prestressed concrete beams are 
caused by elastic shortening of concrete and anchorage draw-in (slip) and friction. 
The loss of tendon stress due to elastic shortening can be estimated using the 
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+∆−=∆                      (3.5) 
 
where FJcgsf )(   = stress in the concrete at the centroid of prestressing steel due to 
 jacking force. 
Gcgsf )(   = stress in the concrete at the centroid of prestressing steel due to  
self-weight of beam. 
   pJf   = stress in the prestressing steel at the end of jacking 
   pin   = initial modular ratio, cips EE /  
   cips EE ,   = modulus of elasticity of tendon, and concrete at the time of  
initial prestressing. 
and pRf∆  is the loss of tendon stress due to relaxation before the prestressing force is 
transferred to the concrete. pRf∆  is assumed zero in this study because as no 
significant loss of tendon stress due to relaxation before transferring of prestressing 
force to the concrete is expected 
 
 The prestress loss due to anchorage draw-in is very important especially in short 
beams. The loss of prestress due to anchorage draw-in can be computed as follows 
(BS 8110: Clause 4.8.6, 1997): 
 
psinDraw EL
sf =∆ −                  (3.6) 
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where s  is the distance of draw-in and L  is the length of the beam. The value of s  
depends on the type of anchorage and this value can be obtained from manufacturer. 
s  is generally taken as 5 - 6 mm for wedge type anchorage and 0 - 2 mm for nut and 
bolt anchorage. 
 
 Friction losses only occur in post-tensioned beams. Friction is induced between 
the surface of the tendon and the duct or sheath. The magnitude of friction losses 
depends on the profile of tendon, type of duct and tendon. The prestressing force,
px
P  
at any distance px  from the jack after considering friction losses can be computed 






µ+−=                  (3.7) 
 
where oP   =  prestressing force in the tendon at the jacking end 
    e   =  base of Napierian logarithma, ( e  = 2.718) 
      k   =  profile coefficient 
      px   =  the distance from the jack to the point at which prestressing force  
(after considering friction losses) to be computed 
      µ   =  coefficient of friction 
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3.2.2 Time-dependent Prestress Losses 
3.2.2.1 Introduction 
The time-step method proposed by Naaman (1982) is an accurate technique to 
predict prestress losses of prestressed concrete members. This method involves 
iterative computations with successive time intervals to obtain the time-dependent 
prestress losses due to relaxation of steel, shrinkage and creep of concrete. An 
iterative procedure is required since such time-dependent prestress losses is 
interdependent on each other over time. In this method, the steel stress at the 
beginning of any time interval is taken to be equal to that at the end of the previous 
time interval. The steel stress at the end of a specific time interval is obtained by 
subtracting the incremental stress losses from the stress at the beginning of that time 
interval. The time-step method provides a unique case study to understand important 
aspects of the structural behavior of prestressed concrete members 
 
In this research, the time-step method (Naaman, 1982) was adopted to predict the 
time-dependent prestress losses of the prestressed concrete beams tested. However, 
some modifications were made to his proposed expressions in computing the 
time-dependent prestress losses using time-step method. Modified expressions in the 
time-step method utilizes predetermined empirical expressions, Equations (3.1) and 
(3.2) for creep and shrinkage of concrete to predict beam behavior taking prestress 
loss with the increase of time into account. The method to arrive at the predetermined 
empirical expressions, equations (3.1) and (3.2) were described in section 3.1. These 
empirical expressions for creep and shrinkage were applied in Naaman’s expressions, 
in place of ultimate creep coefficients as suggested by Winter (1979), and ultimate 
shrinkage strains evaluated using equations as proposed by Naaman (1982) with the 
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respective correction factors. The ultimate creep coefficients suggested by Winter 
(1979) vary with compressive strength as shown in Table 3.1. The analytical equations 
for ultimate shrinkage strains used in Naaman’s expression in the time-step method is 
as follows:  
 
( ) 4, 1012791337
112 −⎥⎦
⎤⎢⎣
⎡ −+= cUSH wε               (3.8) 
 
where cw  is the water content in newtons per cubic meter. The expression for 
computing prestress losses in the prestressing steel due to creep, as proposed by 
Naaman (1982) is as follows: 
 
)]()()[(),( , ijicgsCSCACHUCpjipCR tgtgtfKKKnttf −=∆ φ       (3.9) 
 
where  pn      cps EE /=  
  cps EE ,  = modulus of elasticity of tendon and concrete 
  UC ,φ   = ultimate creep coefficient 
  CAK   = correction factor for age at loading 
  CHK   = correction factor for humidity 
CSK   = correction factor for shape and size 
cgsf   = stress in the concrete at the centroid of prestressing steel 
 
and )(tg  is 
tb
t
+  which is the time function as suggested by ACI Committee 209 
(1971). it  and jt  denote the beginning and end of a specific time interval. The 
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expression for computing prestress losses in the prestressing steel due to shrinkage 
(Naaman, 1982) in the time-step method is as follows: 
 
)]()([),( , ijSSSHUSHpsjipS tgtgKKEttf −=∆ ε           (3.10) 
 
where  =USH ,ε  ultimate shrinkage, obtained from Equation (3.8) 
=SHK  correction factor for humidity 
=SSK  correction factor for shape and size 
 
 
3.2.2.2 Modified Time-Step Method  
Equation (3.9) as described in the previous section for calculating prestress loss 







ttf −=∆ φ          (3.11) 
 
where ceE  is the effective modulus of elasticity of concrete. The creep coefficient 
( UC ,φ ) and function )(tg  in this expression can be obtained simultaneously by 
dividing the predetermined empirical expressions for creep, Equation (3.1) with the 
instantaneous elastic strain ( ciε ) of concrete at the time of loading in the creep test. 
Correction factors ( CHK , CAK , CSK ) were eliminated from the expression. The 
effective modulus of elasticity considering the creep coefficient can be taken as 
follows (Neville and Brooks 1983): 
 
CHAPTER 3 THEORETICAL ANALYSIS  








ttE φ+=                 (3.12) 
 
where ot  is the age of concrete at the time of application of loading and t  is the 
time at which the effective modulus of elasticity is to be computed. The term 
),( oC ttφ in the expression is the creep coefficient of concrete at time t . 
 
Another way to compute prestress loss with increase in time due to creep of 












tgtgtfEttf ε             (3.13) 
 
This expression was also modified from Equation (3.9) described in the previous 
section (Section 3.2.2.1). UUCR,ε  is ultimate unit creep of concrete. cgsSS  and .cySS  
are the stress-strength ratios of concrete at the centroid of prestressing steel and creep 
cylinder, respectively. UUCR,ε  and function )(tg  in this expression can be obtained 
simultaneously by dividing the predetermined empirical expression for creep, 
Equation (3.1), with the sustained stress applied on the test cylinders in the creep test. 
In this expression, it is assumed that creep strain is proportional to stress. The stress in 



















)(          (3.14) 
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where DM  is dead load moment, A
Ir = , radius of gyration of beam cross section 
and oe  is the eccentricity of prestressing steel measured from the centroid of the 
cross section. cA  and psA  are the area of beam cross section and total area of 
tendons, respectively. The magnitude of )( ips tf  depends on the total prestress losses, 
arising from creep, shrinkage and steel relaxation that occurred preceeding the time 








),()(            (3.15) 
 





),(  is the total prestress losses due to creep, shrinkage 
and steel relaxation in the preceding time intervals.  
 
The magnitude of the loss in stress in the prestressing steel caused by shrinkage 
over a time interval (ti to tj) can be computed as follows: 
 
 )]()([),( , ijUSHpsjipSH tgtgEttf −=∆ ε           (3.16) 
 
where USH ,ε  is the ultimate shrinkage of concrete. USH ,ε  and function )(tg  can also 
be obtained simultaneously from the predetermined empirical expression for 
shrinkage, Equation (3.2). It may be noted that shrinkage of concrete is usually taken 
to be independent of the state of stress. 
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 The prestress loss during a specific interval of time ),( ji tt  caused by relaxation 
of prestressing steel, can be computed by using the expression as suggested by the 






















),(           (3.17) 
 
where pyf  is the specified yield strength of prestressing steel. )( ips tf  can be 
defined from Equation (3.15). Equation (3.17) is only valid for low-relaxation 




There are several assumptions in the theoretical analysis used in calculating the 
prestress losses and variations in concrete and steel strains with depth of beam. The 
assumptions are: 
1. Elastic strain of concrete is directly proportional to stress.  
2. Elastic strains of concrete are recoverable when subjected to applied stresses 
up to 40 % of concrete strength. 
3. Creep strain is proportional to stress when subjected to applied stress up to 40 
% of the concrete strength. 
4. The shrinkage strain versus time relationship was determined by monitoring 
similar cylindrical specimens which are free of external applied stress. 
5. The creep strain versus time relationship under a constant applied stress was 
obtained by creep tests on cylindrical specimens. The creep strain was derived 
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by monitoring deformations of concrete cylinders during the period of creep 
test after subtracting for deformations associated with the shrinkage as 
monitored in 5.  
6. Plane sections remain plane in the beam under flexure.  
 
 
3.4 Deflection of Prestressed Concrete Beams 
In this study, the prestressed beams were simply supported. In addition, the 
prestressed concrete beams were designed as class one members with parabolic 
tendon profile. All the prestressed concrete beams were uncracked and assumed to be 
linearly elastic initially. The deflection of simply supported prestressed beams as 
tested in this study, due to a parabolic prestressing tendon profile at transfer and at 









ll ϕϕϕ −+=∆               (3.18) 
 
where ϕ1 and ϕ2  is the curvature at mid span and support, respectively. l  is the span 
of the prestressed beam (Figure 3.1). In this study, ϕ2 was assumed zero because the 
eccentricity of the tendon at the supports was zero. After simplification (ϕ2 = 0), 





5 ϕl=∆                 (3.19) 
 
In addition, the deflection of the simply supported prestressed beams due to 
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5 4=∆                (3.20) 
 
where w , l , cE  and I  are uniform load intensity, span of beam, modulus of 
elasticity of concrete and second moment of inertia of the beam section, respectively 
(Figure 3.1).   
 
 The deflection of a simply supported prestressed beam under a point load at 







=∆                (3.21) 
 
where P  is the point load applied at midspan (Figure 3.1).  
 
 
3.5 Cracking Moment  
The cracking moment is taken as the applied moment at which the tensile stress 
in the extreme fiber of the concrete section reaches the modulus of rupture of the 
concrete. The cracking moment of prestressed beams may be calculated as follows 
(Naaman, 1982): 
 
brtocr ZfkeFM −−= )(              (3.22) 
 
where F  and oe  are the prestressing force and tendon eccentricity respectively. rf  
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is modulus of rupture which can be obtained experimentally (ASTM C496-90) . bZ  
is the section modulus with respect to the extreme bottom fiber and tk  is distance 
from the centroid of the concrete section to the upper limit of the central kern. 
 
 
3.6 Ultimate Moment of Resistance 
The ultimate moment of resistance of prestressed beams may be computed based 
on BS 8110’s rectangular stress block. At ultimate, the strain in the tendon, pbε  taken 
to be the tendon strain due to the effective prestress after losses ( peε ) and the 
additional strain induced by the applied loading ( paε ). Figure 3.2 shows the strain and 
stress distribution of concrete at failure. The tendon strain at failure for post-tensioned 
bonded beams can be derived as follows: 
 
papepb εεε +=  






















where cuε  and eε  is the strain in the extreme compression fiber of concrete at 
ultimate and the strain in concrete at the level of tendon due to the effective 
prestressing force respectively. eP  and cA  are the effective prestressing force and 
cross section area of the beam, respectively. x  is the depth of neutral axis. psd  is 
the depth to the centroid of tendons. Equation (3.23) can be rearranged as follows: 
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By applying equilibrium and compatibility conditions to Equation (3.24), the tendon 













           (3.25) 
 





. In Equation (3.25), it may be noted 
that there is only one unknown on the right-hand side, pbε . The desired value of the 
tendon stress, pbf  at ultimate can be determined by solving Equation (3.25) 
simultaneously with the stress-strength curve of the tendon. After pbf  is determined, 
pbε  can be used to calculate x . The ultimate moment of resistance of the prestressed 
beams is then obtained as: 
 
)45.0( xdAfM pspspbu −=                    (3.26) 
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Figure 3.1:  Simply supported prestressed beams (Naaman, 1982). 
e2 e1 




a) Prestressed beam with parabolic tendon profile. 
b) Simply supported beam subjected to point load. 
l
W
c) Simply supported beam subjected to uniform load. 
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a) Beam section b) Concrete strain c) Stress
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4.1  Concrete 
4.1.1 Concrete Mix 
The experimental programme involves two different types of concrete, i.e. 
self-compacting concrete (SCC) and conventional concrete with a similar target 
compressive strength – 40 MPa at the age of 28 days. Both the SCC and conventional 
concrete used in the casting of prestressed beams and concrete specimens were 
batched by a local ready mix supplier, RDC Concrete Pte Ltd.  
 
Table 4.1 shows the mix proportions of the SCC used with a water to cement ratio 
of 0.5. The SCC mix consists of Ordinary Portland Cement (OPC) with density of 
3150 kg/m3, coarse-aggregates of 20 mm crushed granite and manufactured sand 
(recycled sand) that served as fine-aggregate. The relative density of aggregates used 
was in the range of 2.6 to 2.65. In addition to the above, granite dust was used in SCC. 
Granite dust was selected for use as the powder material in the SCC mix so as to 
increase the resistance of segregation. Powder material with higher surface area was 
needed in the SCC mix so that free water could be retained on the surface of powder 
materials (RILEM 174-SCC, 2000). The density of granite dust was 2650 kg/m3. A 
combination of admixtures, ADVA 108 and ADVA 109 (Polycarboxylate-polyether 
type), had also been included in the mix to control the flow retention and setting time 
of the SCC.  
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Two admixtures were used as during trial mixing. It was observed that the SCC 
mix behaved unusually with prolonged retention of flow and delayed setting time if 
only admixture ADVA 108 was added. Cube specimens did not set for as long as 48 
hours (2 days). Therefore, admixture ADVA 109 had to be added together with ADVA 
108 to control the retention flow and setting time of the SCC. 800 ml dosage of 
admixtures ADVA 108 and 700 ml of ADVA 109 (per 100 kg of OPC) were needed to 
achieve 650 mm flow diameter. The fine-aggregate content and coarse aggregate 
content were 790 kg/m3 and 760 kg/m3 respectively. The moisture content of the 
fine-aggregate was not more than 1 %, or else the water content of the mix has to be 
reduced. The paste volume for one cubic meter of the SCC mix was 390 liter. The 
powder fraction (granite dust) in the SCC mix was included in the paste volume of 
390 liter/m3. Figure 4.1 shows the mix of the SCC in the local ready mix supplier’s 
plant. 
 
 The mix proportions of the conventional concrete mix are presented in Table 4.2. 
The water cement ratio was 0.47 which was about the same as that of the SCC mix. 
The conventional concrete mix also consists of Ordinary Portland Cement (OPC) with 
density of 3150 kg/m3, coarse-aggregates of 20 mm crushed granite and manufactured 
sand (recycled sand) that served as fine-aggregate. The relative density of aggregates 
used was in the range of 2.6 to 2.65. The cement content, coarse aggregate content, 
fine aggregate content and water content per m3 were 380 kg, 1010 kg, 765 kg, and 
180 kg, respectively. Admixture DARATARD 42 was added in the mix to act as water 
reducing and set retarding admixture. DARATARD 42, produced by WR Grace, was 
added at a dosage of 600 ml for every 100 kg of OPC. During batching, copper slag 
sand was added as replacement of the manufactured fine-aggregate. The volume of 
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copper slag sand was limited to not more than 10 % by weight of the total fine 
aggregate content. The paste volume for one cubic meter of the conventional concrete 
was 300 liter. It may be noted that the paste volume of the conventional concrete was 
23 % lower than paste volume of the SCC. 
 
 
4.1.2 Test Specimens 
Other types of specimens were also cast together with the beams (section 4.3.1.1) 
to determine the compressive strength, modulus of elasticity, shrinkage and creep for 
both types of concrete used. These may be divided into three categories according to 
their size and shape such as cylinders of size 100 mm x 200 mm, cylinders of size 150 
mm x 300 mm and 100 mm cubes. All the specimens were prepared in accordance 
with ASTM C192-90a. The 100 mm x 200 mm cylinders were cast in steel moulds 
and compacted on a vibrating table. These were used to determine the modulus of 
elasticity of concrete. Three cylinders were tested at various ages, and a total of 18 
such cylinders (100 mm x 200 mm) were cast for each type of concrete.  
 
Larger cylinders (150 mm x 300 mm) were cast in steel mould to monitor 
shrinkage and creep with time as per ASTM 512-87. Demec pins, 200 mm apart, were 
installed parallel to the loading direction at 4 diagonally opposite locations on the 
curved surface of the cylinders. All the cylinders for the shrinkage and creep tests 
were stored in the creep chamber after 7 days of curing under damp gunny sacks. The 
temperature and relative humidity in the creep chamber were monitored by using a 
Quartz Thermo-Hygrograph (manufactured by Isuzu Seisakusho Co., Ltd.). The 
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temperature and relative humidity in the creep chamber were 28 ± 5 °C and 80 ± 10 %, 
respectively. Similar cylindrical specimens were also used in the splitting test to 
determine the tensile strength of concrete (ASTM C496-90). For each concrete type, 8 
such cylinders were cast for creep and shrinkage monitoring and another 9 were cast 
for the tensile splitting test. The average of three specimens was used for each test 
result.  
 
100 mm cubes were cast in steel moulds to determine the compressive strength of 
the concrete (BS1881: Part 116: 1986). The average of three cubes was reported as the 
cube strength of concrete.  
    
 
4.1.3 Curing and Test Condition 
All specimens, including beams were cured under damp gunny sacks under 
plastic sheets after trowelling (ASTM C192-90a). The cubes and cylinders were 
placed near to the prestressed beam specimens in the laboratory under the same 
indoor ambient conditions. The temperature and relative humidity in the laboratory 
were 28 ± 5 °C and 80 ± 10 %, respectively. Demoulding of cubes and cylinders was 
carried out one day after casting. Demoulding of the prestressed concrete beam 
specimens were carried out 4 days after casting. Gunny sacks and plastic sheets were 
removed after 7 days of curing. Creep and shrinkage cylindrical specimens (150 mm x 
300 mm) were then placed in the creep chamber (temperature of 28 ± 5 °C and 
relative humidity of 80 ± 10 %) for testing (section 4.1.4.3). 
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4.1.4 Test Method 
4.1.4.1 Compressive Strength Test  
For each concrete mix, more than 36 cubes were prepared for compressive 
strength tests. The test was carried out in accordance to BS1881: Part 116: 1986 using 
an Avery-Denison compression machine. The loading capacity of this machine is 
3000 kN. The average strength of 3 cubes was taken as the strength of concrete at the 
respective age.  
 
 
4.1.4.2 Tensile Splitting Test  
9 cylinders (150 mm x 300 mm) were cast to determine tensile strength of 
concrete. Splitting test was carried out in accordance to the ASTM C496-90 using an 
Avery-Denison compression machine. Figure 4.2 shows the test setup using the 
Avery-Denison compression machine. The tensile splitting strength based on ASTM 





2=                        (4.1) 
 
where T  = tensile splitting strength (MPa), P  = maximum applied load indicated 
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4.1.4.3 Creep and Shrinkage Test 
The preparation of creep and shrinkage specimens involved installing a pair of 
Demec pins spaced 200 mm apart. Each pair was mounted, spaced equally, radially 
around the cylindrical surface with epoxy glue (Araldite). The four sets of strain 
readings were averaged for use as the shrinkage and creep strains. The Demec gauge 
has an accuracy of 61007.8 −×± . Figure 4.3 shows the Demec gauge used to measure 
the creep and shrinkage strains. Before the creep specimens were loaded in the creep 
test rigs, both ends of the specimens were smoothened and leveled using a grinding 
machine (Marui & Co. Ltd, Japan).  
 
Four cylinders each of the SCC and conventional concrete were axially loaded 
parallel to their longitudinal axes in a compressive creep rig which was a modified 
version of the spring-loaded creep rig specified in ASTM C512-87 (Reapproved 1994) 
as shown in Figure 4.4. Figure 4.5 presents the schematic drawing of the compressive 
rig. Immediately before loading of the creep specimens, the compressive strength of 
the concrete was determined from cube test in accordance to BS1881: Part 116: 1986. 
The creep specimens were loaded at the age of 28 days. In this study, the axial load 
applied on the creep specimens was 165 kN (about 23 percent of the 28-day cube 
strength). Strain readings were taken immediately before and after loading to obtain 
the instantaneous elastic strain caused by loading. After the loading was applied on 
the specimens, creep strains were recorded every 2 hours for the first day, then daily 
for 1 week and weekly thereafter. The sustained loading was maintained throughout 
the period of creep test for about 3 months. The axial load applied on the specimens 
was checked before any strain readings were taken. The axial load was adjusted if the 
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applied load varied by more than 2 % from intended value of 165 kN. The procedure 
adopted to load the creep specimens in the compressive creep rig is as follows: 
(a) Firstly, the top bearing plate and top loading plate were levelled with a spirit 
level. 
(b) The center point of the lower base plate was marked carefully and the ball seat 
placed at the centre of the lower base plate. 
(c) The two cylinders were then stacked on top of the ball seat.   
(d) A load cell was placed on top of the specimens to monitor the axial load 
applied on to these specimens. Another ball seat was placed on top of the load 
cell.  
(e) The top loading plate was leveled with a spirit level before a hydraulic jack 
was placed on top of it.  
(f) Load was applied through a hydraulic ram placed between the top bearing 
plate and top loading plate.  
 
During the loading process, the verticality of the specimens was checked visually 
and by using spirit level. The specimens should be aligned with the applied axial force 
during the loading process. The cylindrical specimens were unloaded if the 
deformations registered by the four sets of Demec pins differed by ±  5 %. The load 
cell and ball seat on top of the specimens were adjusted to obtain uniform deformation 
of the creep specimens.  
 
Lastly, the specimens were loaded to the required sustained load and the loading 
was maintained by tightening the nuts on top of the loading plate.  
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4.1.4.4 Modulus of Elasticity Test 
For each concrete mix, 18 cylinders (100 mm x 200 mm) were cast to determine 
the modulus of elasticity of the concrete when subjected to uniaxial compression. 
Each modulus of elasticity test involved 3 cylinders and the average taken as the 
modulus of elasticity of concrete at the specified age. This test was carried out in 
accordance to ASTM C 469-94. Cylinders were loaded slowly up to one-third of the 
specified cylinder compressive strength on the day of testing. Immediately before the 
modulus of elasticity test, the compressive strength of the specimens was obtained 
from the cube test (BS1881: Part 116: 1986). The cylinder compressive strength of 
concrete was taken to be 78 percent of cube strength (Kong and Evans, 1987). The 
stress versus strain of concrete from the test was plotted. According to ASTM 






SSEc                   (4.2) 
 
where  Ec = modulus of elasticity, MPa 
       S2 = stress corresponding to 40 % of ultimate load 
       S1 = stress corresponding to a longitudinal strain of 50 millionths, MPa 
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4.2 Steel 
4.2.1 Prestressing Steel 
Prestressing steel used in this study comprises 12.9 mm diameter, 7 wire strands. 
In computations, a net area of 100 mm2 per strand was used. The engineering 
properties of prestressing steel were provided by the manufacturer. Sample of the 
prestressing steel had been tested in an accredited laboratory before they were sent to 
laboratory of NUS. From the standard test reports, the modulus of elasticity of the 
prestressing steel was 200,000 N/mm2 and the ultimate strength of the prestressing 




4.2.2 Steel Bars 
Constructing the reinforcement cages for the beams involves 2 types of steel bars 
viz. R13 (plain bar) and T13 (hot rolled deformed bar). Bar T13 was used as 
longitudinal reinforcement in the beams and stirrups as well as the spirals in the 
end-block. The stirrups and spirals were designed to resist bursting and tensile forces 
at the ends of the beams at transfer. Stirrups (bar R13) were used as shear 
reinforcement. Tensile tests were carried out using the Instron TT-KM (300kN 
capacity) universal testing machine with a crosshead speed of 0.02 cm per minute. 
Tensile test was conducted in accordance to ASTM E111-97. Figure 4.6 presents the 
test setup for tensile testing of steel bars. R13 and T13 bars were cut into 200 mm 
lengths and strain gauges were then mounted on the surfaces of the steel bars to 
monitor the tensile strains during testing. The average of 3 specimens was used. The 
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tensile stress-strain relationship for R13 and T13 bars were presented in Figure 4.7 
and Figure 4.8, respectively. The R13 steel bars had a yield strength of 374 MPa and 
ultimate strength of 443 MPa and elastic modulus of 183.2 GPa. On the other hand, 
T13 steel bars had an average yield strength of 580 MPa, ultimate strength of 670 
MPa and elastic modulus of 186.7 GPa.  
 
 
4.3 Prestressed Beams 
4.3.1 Beam Fabrication 
4.3.1.1 Beam Specimens 
The experimental programme involves 4 beams, with the same dimensions, 
measuring 300 mm by 600 mm in cross-section. The beams were cast using the 2 
types of concrete with a target strength of 40MPa. They were divided into 2 groups, 
high prestress level beams (H beams) and low prestress level beams (L beams) to 
facilitate the study of the influence of prestress force level on prestress losses. The H 
and L beams were designed as Class 1 members. The designed jacking forces and 
tendon eccentricity of the H beam were 1432.2 kN and 135 mm, respectively, and 
781.2 kN and 165 mm, respectively for the L beam. These jacking forces and tendon 
eccentricities were used such that the concrete stress to strength ratios at the extreme 
top and bottom fibers of the H and L beams were within the allowable stress to 
strength ratios (0.5 for compressive and 0.025 for tensile) of class 1 members at 
transfer (BS 8110, Clause 4.3.5). The beams were jacked to 70 % of ultimate strength 
of the tendons used in the two sets of beams. The total length of the prestressed beams 
was 7.2 meter. The end block of length 600 mm at each end of the beams 
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accommodated the anchorage system as supplied by a local supplier, Freyssinet 
(Singapore) Pte Ltd. The prestressed beams were designated according to the type of 
concrete used and the prestress level applied to the beams. The HC and HS beams 
were cast with the conventional concrete and SCC respectively, with H denoting high 
prestress level. The LC and LS beams were cast with the conventional concrete and 
SCC and they were subjected to low prestress level forces. High prestress level beams 




4.3.1.2 Preparation of Reinforcing Cages 
Details of the reinforcement for low and high prestress level beams are shown in 
Figure 4.9 and 4.10, respectively. The longitudinal reinforcement bars were cut to the 
required length. Electrical resistance FLA-5-11 strain gauges were mounted on the 
longitudinal bars at midspan. The shear and longitudinal steel reinforcement were 
assembled together with B.R.C mesh (diameter: 10 mm) of grid spacing 100 mm x 
100 mm, installed at each end for strengthening against cracking and spalling of 
concrete at the ends of the prestressed beams during transfer (Figure 4.11). Stirrup 
spacing at end-blocks of the LC and LS beam was 120 mm. Stirrup spacing at 
end-blocks of the HC and HS beam was 75 mm. Profiled bars were spot welded at 
several locations on the reinforcement cage along the span to support the duct at the 
desired level (Figure 4.12).  
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4.3.1.3 Preparation of Tendons  
The 12.9 mm diameter strands were cut to the required length of 9 meter. A total 
of 6 strands were prepared for each low prestress beam (LC and LS). On the other 
hand, 11 strands were prepared for each high prestress beam (HC and HS). The 
strands were then assembled and strapped with wires. Five locations (designated as A, 
B, C, D, E) along the prestressing strands were cleaned and smoothed for strain gauge 
installation. The locations of the strain gauges are shown in Figure 4.13. Three strain 
gauges were installed at each location viz. two FLA-5-11 and one YFLA-5 strain 
gauges. A total of 15 strain gauges were installed along the prestressing strands to 
monitor tendon strains.  
 
The duct was protected during casting of concrete. The ducts were supplied by 
the manufacturer in lengths of 4 meter. They were then cut into shorter sections to 
facilitate installation and running of tubes to contain strain gauge wiring. Since the 
strain gauges on the tendons are easily damaged during installation of duct, much care 
was needed during installation of duct. The strain gauges on the tendons were covered 
with Teflon sheets to reduce friction and to protect the strain gauges from damage 
during postensioning. Figure 4.14 shows the strain gauges mounted on tendons, 
covered by Teflon sheets. Ducts were joined with couplers with a slightly larger 
diameter. Epoxy (Alradite) and sealant were used to seal the joints between couplers 
and duct. This is to prevent fresh concrete from flowing into the duct during casting.  
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4.3.1.4 Preparation of Wooden Mold  
Wooden molds were fabricated for the casting of the prestressed concrete beams. 
The wooden molds were made of 20 mm thick plywood stiffened with additional 
timber. 80 mm diameter holes were drilled at both ends of mold to accommodate the 
projecting prestressing tendons, sealed to prevent leakage. The internal surface of 
wood molds was coated with a thin layer of mold oil to facilitate demolding later. 
 
 
4.3.1.5 Concrete Casting 
Two beams each of the SCC and conventional concrete were cast each time. The 
concrete was batched at ready mix plant and arrived at the laboratory within one hour. 
A poker vibrator was used for compaction during casting of the conventional concrete. 
In the case of the SCC beams, no vibrator was needed. The concrete surface was 
leveled, troweled and covered with damp gunny sacks and plastic sheets. 
Accompanying cylinders and cubes were also cast at the same time.  
 
 
4.3.2 Prestressing Method 
The prestressing method involved in the study was postensioning. Postensioning 
was carried out 7 days after casting with assistance of personnel from Freyssinet 
(Singapore) Pte Ltd. Immediately before postensioning, cube tests were conducted to 
ensure that the concrete had achieved the desired strength of 28 MPa. The terminals of 
the electrical resistance strain gauges mounted on the tendons were connected to the 
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data acquisition system. The data acquisition system monitored and recorded the 
strains in the tendons during jacking. The tendons in the beams were jacked up to 
required jacking force using a 200 ton capacity hydraulic jack. The required forces for 
high and low prestress level beams were 1432.2 kN and 781.2 kN respectively. All 
strands were postensioned simultaneously in increments of 100 kN and the strain 
gauges readings monitored using the data acquisition system. The tendon force was 
increased until the desired prestress level of 70 % of the ultimate strength of the 
strand (1302 MPa), was reached. The force was increased by a further 100 kN to 
account for an estimated strand seating loss caused by anchorage slip. After anchoring, 
the strain readings were recorded. The prestressing operation is shown in Figure 4.15. 
Grouting job of the tendons was carried out with a manual grouting pump one day 
after transfer. The design grout strength was 30 MPa with a water-cement ratio of 0.44 
 
 
4.3.3 Loading  
4.3.3.1 Service Load 
The prestressed beams were loaded up to their designed service load for a 
duration of 2 months, 28 days after casting. The prestressed beams were simply 
supported on a span of 6 meter on two rollers for the entire duration. Both rollers were 
mounted on 500 mm long and 300 mm wide steel sections which acted as supports. A 
teflon sheet (300 mm x 300 mm) was mounted on top of one of the rollers to allow for 
horizontal movement of the beams when the beams deflected under load.  
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For this study, the beams were designed such that at service load conditions, the 
compressive stress-strength ratio at the extreme bottom fibers in the HC and HS 
beams and the extreme top fibers in the LC and LS beams are similar. For class one 
member, the allowable stress-strength ratios at the top and bottom fibers were 0.33 
(compressive stress) and 0 (no tensile stress), respectively at service (BS 8110, Clause 
4.3.4). Based on the actual tendon strains of the respective beams after transfer and 
having been unloaded except for self-weight for 22 days, it was found that the HC, 
HS, LC and LS beams have to be loaded with UDL of 16.29 kN/m, unloaded, 28.29 
kN/m and 30.77 kN/m, respectively. The stress-strength ratio at the extreme bottom 
fiber in the HC beam was 0.37 after application of designed service load, which was 
close to that of the HS beam (unloaded), 0.32. The stress-strength ratio at the extreme 
top fiber in the LC and LS beam was 0.11 and 0.10, respectively after application of 
designed service load. It was clear that the stress-strength ratios at the extreme fibers 
of all the beams tested were within the allowable stress-strength ratio of class one 
member (BS 8110, Clause 4.3.4) at service.  
 
The designed service loads were simulated by six line loads applied using steel 
spreader beams arranged as shown in Figure 4.16. The loads were maintained for a 
duration of 2 months and the beam monitored for prestress losses and deflections. 
Load was applied by hydraulic jacks, monitored with load cells by means of steel rods 
anchored and reacting against the strong floor (Figure 4.16). Reduction in loads did 
occur due to strand relaxation and deformation of the beams due to creep and 
shrinkage. At frequent intervals (every 48 hours), the loads were adjusted to maintain 
the desired load levels.  
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4.3.3.2 Ultimate Load 
After 2 months of monitoring, all the loads were removed and recoverable strains 
and deflections of the beams, recorded for a further duration of 7 days before the 
beams were loaded to failure. The prestressed beams were set up in the loading frame 
and tested using the MTS Universal Testing machine with a maximum capacity of 
2000 kN (maximum stroke of 200 mm), as shown in Figure 4.17. The prestressed 
beams were tested simply supported over a span of 6 meter. All the beams were 
painted using white wash before testing to facilitate inspection of the crack pattern 
and measurement of crack widths. After the beam was placed on the supports, LVDT 
displacement transducers were arranged at the mid-span to monitor deflection. 
Terminals of all electrical resistance strain gauges, load cells and displacement 
transducers were connected to the data acquisition system. Figure 4.18 shows 
spreader beam used at mid-span during testing. 
 
Before loading to ultimate, the applied load was cycled by increasing the load 
applied to about 15 % of the ultimate load and then unloading. This was to ensure all 
the LVDT transducers, load cells and strain gauges were in good working condition. 
The strain gauges and LVDT transducers connected to the data acquisition system 
were then zeroed and calibrated. The load was applied at an approximate rate of 0.3 
mm/min. At every 0.5 kN increment of load, data from the various measuring devices 
were scanned by the data acquisition system and recorded automatically by the 
computer without interrupting the loading sequence. During testing, the first cracking 
load was determined. A magnifying glass was used to facilitate cracks identification. 
Maximum crack widths were measured manually at several load levels after the first 
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crack appeared using a microscope. At the end of each test, the ultimate load capacity 
of the prestressed beam was recorded and the mode of failure noted. The cracking 
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Table 4.1: The SCC mix proportions. 
OPC Water Granite Dust F-Aggregate C-Aggregate ADVA ADVA  Agg/Powder W/C Air 
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) 108 109    
          (ml) (ml)       
          
400 200 170 790 760 800* 700* 2.72 0.5 2 % 
                    















Table 4.2: The conventional concrete mix proportions. 
OPC Water F-Aggregate C-Aggregate
DARATARD 
42 Agg/Powder W/C 
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (ml)   
              
       
380 180 765** 1010 600* 4.67 0.47 
              
  *  ml/100 kg of OPC 
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Figure 4.4: Compressive creep test rig. 
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fy = 374 MPa
fult = 443 MPa
Es = 183 200 MPa
 





















fy = 580 MPa
fult = 670 Mpa 
Es = 186 700 MPa
 
 
Figure 4.8: Typical stress-strain curve for T13 bars 
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Figure 4.14: The strain gauges mounted on the tendons were covered by Teflon 
sheets. 
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Figure 4.17: Test setup for loading to failure. 
 
 
Figure 4.18: Load spreader at mid span
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CHAPTER 5  
RESULTS AND DISCUSSION 
 
 
5.1 Material Properties 
5.1.1 Properties of SCC and Conventional Concrete 
5.1.1.1 Compressive Strength 
The compressive strength of concrete is dependent on many parameters. The test 
programme was designed such that the grade of concrete used viz. the SCC and 
conventional concrete was similar. The water cement ratio for the SCC and 
conventional concrete mix were 0.5 and 0.47, respectively. As may be seen in Tables 
4.1 and 4.2 (in Chapter 4), the aggregate to powder ratio for the SCC and 
conventional concrete mix were 2.72 and 4.67 respectively. The conventional concrete 
mix had a cement content of 380 kg/m3 whereas the SCC mix had a cement and 
granite powder content of 400 kg/m3 and 170 kg/m3, respectively. Water content for 
both concretes were about the same (refer Tables 4.1 and 4.2). The minimum 
compressive strength of concrete required at transfer (Age: 7 days) was 28 MPa. 
Therefore, 100 mm cubes that were cast together with the beams were tested daily to 
ensure that the minimum compressive strength was reached before transfer. It was 
noticed that the SCC and the conventional concrete mix achieved this minimum 
specified compressive strength at the age of 4 days. The development in compressive 
strength with age of the SCC and conventional concrete is presented in Figures 5.1 
and 5.2, respectively. Hyperbolic functions to fit the two strength development curves 
were formulated and are shown on the same figures. Hyperbolic functions were 
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selected as it was simple and approached asymptotically to a constant value with time. 
ACI committee 209 (1982) recommended hyperbolic expressions to represent the rate 
of strength gain for concrete made from type I cement, moist cured at 21°C. The 







')(' )28(               (5.1) 
 
where cf '  is the cylinder compressive strength (MPa), )28('cf  is the cylinder 
compressive strength (MPa) at the age of 28 days and t  is the age of concrete. In this 
research, the hyperbolic expressions proposed for the compressive strength of the 













46)(  (for the conventional concrete)        (5.3) 
 
where cf  and t  are cube strength of concrete (MPa) and age of concrete, 
respectively. The respective functions agreed well with the experimental data obtained. 
It can be seen that the compressive strength of both concretes at the age of 28 days 
were also about the same. The 28-day compressive strength of the conventional 
concrete was only 6.36 % higher than that of the SCC. By using the empirical 
hyperbolic function, the compressive strength of the conventional concrete at the age 
of 121 days may be estimated. The 121 days compressive strength of the SCC 
obtained experimentally was about the same as that predicted using empirical function. 
It was noticed that the compressive strength of the SCC and the conventional concrete 
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at 121 days differ by only 3.34 % with the latter exhibiting a slightly higher strength. 
The compressive strengths of the SCC and conventional concrete obtained 
experimentally and estimated using the respective empirical hyperbolic functions are 
tabulated in Table 5.1.  
 
 
5.1.1.2 Tensile Strength 
At the age of 28 days, the tensile strength of the SCC and conventional concrete 
were 3.17 MPa and 3.23 MPa, respectively which were 7.55 % and 7.21% of their 
respective 28-day compressive strength. It was found that the tensile strength of the 
SCC and conventional concrete were about the same. The tensile strength of the SCC 
at the age of 108 and 121 days were 3.24 MPa and 3.22 MPa, respectively. On the 
other hand, the tensile strength of the conventional concrete at the age of 95 and 108 
days were 3.19 MPa and 3.21 MPa, respectively. Attiogbe et al. (2002) conducted a 
study on the engineering properties of SCC. They reported that compressive strengths 
of SCC and conventional concrete at 28 days were 65 MPa and 55 MPa, respectively. 
From tensile splitting tests, they reported that the tensile strengths of air-cured SCC 
and conventional concrete at the age of 28 days were very similar. The reported 
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5.1.1.3 Modulus of Elasticity 
The modulus of elasticity versus age curves of the SCC and conventional 
concrete are presented in Figures 5.3 and 5.4, respectively. Formulated hyperbolic 
functions to fit both curves are also shown in the figures. The figures show very 
similar trends in the change in the modulus of elasticity with time for the SCC and 
conventional concrete. It was noticed that the difference in modulus of elasticity 
between the SCC and conventional concrete at 28 days was only 0.86 %. The moduli 
of elasticity of the SCC and conventional concrete at various ages were shown in 
Table 5.2. The hyperbolic expressions proposed to estimate the modulus of elasticity 













5.23)(  - (for the conventional concrete)         (5.5) 
 
where cE  is the modulus of elasticity of concrete (GPa) and t  is the age of 
concrete.         
 
 
5.1.2 Time Dependent Deformation of Concrete   
5.1.2.1 Shrinkage versus Time Curves 
The shrinkage of the SCC and conventional concrete were measured after the age 
of 7 days. Figure 5.5 presents the shrinkage of the SCC and conventional concrete 
versus time. Shrinkage strains may be used in calculating the creep of concrete. Creep 
of concrete can be obtained by subtracting strains monitored on unloaded specimens 
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from strains monitored on similar specimens subjected to loading in the creep tests. 
Shrinkage readings were monitored for at least 3 months in an enclosed chamber with 
a temperature of 28 °C ±  5 °C and relative humidity of 80 % ±  10 %. It was 
noticed that the shrinkage of both concretes stabilized after a duration of 3 months. 
The total shrinkage strains for the SCC and conventional concrete were 287 µ and 235 
µ, respectively (a difference of 52 µ) after monitoring for a duration of 90 days. 
Figure 5.6 shows the predicted curve of shrinkage over a period of one year. It was 
found that the predicted shrinkage strains of the SCC and conventional concrete after 
one year were 330 µ and 283 µ, respectively (a difference of 47 µ). It is evident that 
the SCC mix used was found to have slightly higher total shrinkage than that of the 
conventional concrete mix of the equivalent strength under the same ambient 
condition. This result was expected since the SCC mix has 30 % more paste volume 
than the conventional concrete and shrinkage is dependent on the content of paste 
(Bissonnette et al.).  
 
Turcry et al. (2002) also reported that SCC had almost the same total shrinkage 
(amplitude and kinetics) when compared with conventional concrete. The difference 
in shrinkage between SCC and conventional concrete at the age of 90 days was 
monitored at around 60 µ, similar to results obtained from the present study. The mix 
proportions of SCC and conventional concrete used by Turcry et al. (2002) were also 
similar to those of the present study. The SCC had a water cement ratio of 0.53 and 
water powder ratio of 0.37 while conventional concrete had water cement ratio of 
0.47 and water powder ratio of 0.47. However, the reported ultimate shrinkage value 
was more than twice those of the present study. This may be due to the conditions of 
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lower humidity that their specimens were subjected to. Their test was performed 
under a temperature of 20°C and relative humidity of 50 %.  
 
Attiogbe et al. (2002) reported that the shrinkage of SCC mixtures is similar to 
that of conventional concrete mixtures under air-cured conditions. Water cement ratio 
for both concretes tested was 0.37. The difference in shrinkage between SCC and 
conventional concrete was 50 µ after a year, which agrees well with the experiment 
results obtained from the present study. Ultimate shrinkage of 700 µ was reported by 
Attiogbe et al. for their SCC and conventional concrete mixes. Their reported ultimate 
shrinkage was also more than twice the ultimate shrinkage obtained from this study. 
This may also be attributed to the lower relative humidity of 50 % in their study.   
 
Hyperbolic expressions were used to fit the shrinkage curves of both concretes 
tested in the present study. The predicted shrinkage curves of the SCC and 
conventional concrete up to a duration of one year are presented in Figure 5.6. The 
hyperbolic expressions proposed for the shrinkage of the SCC and conventional 
concrete are as follows: 
   
            
21
350)( += t
ttSHε  ( for SCC)             (5.6) 
18
297)( += t
ttSHε  (for Conventional Concrete)         (5.7) 
 
where )(tSHε  is the shrinkage strain (µ) at t days. Based on Equations (5.6) and (5.7), 
the long-term shrinkage tends towards 350µ and 297µ, respectively (a ratio of 1.18). 
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5.1.2.2 Creep and Unit Creep versus Time Curves 
Figure 5.7 presents the creep of the SCC and conventional concrete mixes with 
time for a duration of more than 3 months. Four cylindrical specimens each from the 
SCC and conventional concrete mix were loaded at the age of 7 days. This correspond 
to the transfer of the prestressing force in the corresponding beam specimens. All the 
creep test specimens for both concretes were loaded to 23 % of their respective 
28-day cylinder compressive strength (section 4.1.4.3). The curves in Figure 5.7 
represent the creep strain after the specimens were loaded to 165 kN. The deformation 
shown in Figure 5.7 excludes the initial instantaneous elastic strain deformation upon 
first loading. The total creep in each of the spring loaded cylinders was determined by 
subtracting the measured strains with those from the companion non-loaded cylinders 
(free drying shrinkage). The results show that the creep of the SCC was higher than 
the conventional concrete throughout the test duration. The time-dependent 
deformations of the SCC and conventional concrete after 90 days of sustained loading 
were 782 µ and 582 µ, respectively (SCC – 34 % higher). Figure 5.8 shows the 
predicted creep curves of the SCC and conventional concrete mixes for a duration of 
one year. The predicted creep strains of the SCC and conventional concrete mixes 
after one year were 749 µ and 614 µ, respectively (SCC – 22 % higher).  
 
Unit creep is defined as creep per unit stress. It is obtained by dividing the total 
creep caused, by the sustained stress which is maintained constant throughout the test 
duration. Figure 5.9 shows the unit creep of the SCC and conventional concrete mixes 
with time for a duration of more than 3 months. The unit creep of the SCC and 
conventional concrete were 83 µ and 62 µ, respectively (a difference of 21 µ) after 
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monitoring for a duration of 90 days. This agrees with the findings reported by 
Attiogbe et al. (2002) for their SCC mix with a water-cement ratio of 0.37. The 
reported unit creep for SCC and conventional concrete were 80 µ and 68 µ, 
respectively (a difference of 12 µ) after monitoring for a duration of 90 days. It was 
noticed that the values of unit creep reported was comparable to those obtained in the 
present study after monitoring for a duration of 90 days. Figure 5.10 shows the 
predicted values of unit creep for the SCC and the conventional concrete mixes for a 
duration of one year. The predicted unit creeps for the SCC and conventional concrete 
mixes were comparable to results reported by Attiogbe et al. (2002) after monitoring 
for a duration of one year. In this study, the predicted unit creep for the SCC and 
conventional concrete were 80 µ and 65 µ, respectively (a difference of 15 µ) after 
one year. Attiogbe et al. (2002) found that the unit creep for their SCC and 
conventional concrete mixes were 87 µ and 78 µ, respectively (a difference of 9 µ) 
after monitoring for one year.        
 
In order to predict the creep behavior of both concrete mixes, hyperbolic 
expressions were used to fit the expreimental creep strain results. Figure 5.10 shows 




ttCRε  (for the SCC)             (5.8) 
7
638)( += t
ttCRε  (for the conventional concrete)         (5.9) 
 
where )(tCRε  is the creep strain (µ) at t days. Based on equations 5.8 and 5.9, the 
ultimate creep deformation for the SCC and conventional concrete mixes tested were 
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785 µ and 638 µ, respectively (SCC – 23 % higher). In this study, the empirical 
expressions agreed well with the experimental results of the SCC and conventional 
concrete mixes tested.  
 
The intention of the above is to derive two unit creep curves, one for the SCC mix 
and one for the conventional concrete mix. The creep curves in Figure 5.7 were 
reduced to unit creep curves and are presented in Figure 5.9. Figure 5.10 shows the 
predicted unit creep for the SCC and conventional concrete mixes for up to a duration 
of one year as follows:  
              
7
84)( += t
ttUCRε  (for the SCC)                 (5.10) 
7
68)( += t
ttUCRε  (for the conventional concrete)        (5.11) 
 
where )(tUCRε  is unit creep strain at t days. Based on the above equations, the 
predicted ultimate unit creep for the SCC and conventional concrete mixes were 84 
µ and 68 µ, respectively (a difference of 16 µ). Based on Equations (5.10) and (5.11), 
the long-term unit creep tends towards 84µ and 68µ, respectively (a ratio of 1.24). 
Figure 5.11 and 5.12 show the predicted time-dependent deformations (creep, 
shrinkage and creep + shrinkage) of the SCC and conventional concrete mixes versus 
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5.2 Monitoring of Prestressed Beams 
The prestressed beams tested were divided into two groups, high prestress level 
beams and low prestress level beams. High prestress level beams were designated as 
HS and HC beams while low prestress level beams were designated as LS and LC 
beams. The letter “S” and “C” denotes that the beams were cast with SCC and 
conventional concrete, respectively. The experimental tendon strains of the HC and 
LC beams in the following discussions were measured by the strain gauges at 
locations C and A, respectively (Figure 4.13). The experimental tendon strains of the 
HS and LS beams were measured by the strain gauges at locations B and A, 
respectively (Figure 4.13). The other strain gauges at the other locations were found to 
be either damaged or not working properly.  
 
 
5.2.1 At Transfer 
Table 5.3 shows the monitored and predicted strains in the tendons at transfer. 
Immediate loss in tendon strain of the prestressed concrete beams was caused by 
friction, anchorage slip and elastic shortening. The theoretical values shown in Table 
5.3 of the immediate losses were calculated based on BS8110, Clauses 4.8 and 4.9 
(1997). At transfer, the experimental and theoretical immediate loss in tendon strain of 
the HC beam was 1022 µ and 1374 µ, respectively. The experimental immediate loss 
in tendon strain of the HS beam was 1834 µ compared to a predicted value of 1539 µ. 
The theoretical immediate loss in tendon strain of the HC beam was 22.35 %, which 
is about the same as that of the HS beam, 24.75 %. On the other hand, experimental 
immediate loss in tendon strain of the HC beam was 16.6 %, which was 12.9 % less 
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than that of the HS beam (29.49 %). 
 
The experimental and theoretical immediate losses of the LC beams were rather 
close to each other, viz. 1312 µ and 1325 µ, respectively. In the case of the LS beam, 
the immediate loss in tendon strain measured experimentally was 1586 µ compared to 
a predicted value of 1392 µ. It was also noted that the theoretical immediate loss in 
tendon strain of the LC beam was 21.7 %, which was close to that of the LS beam 
(21.3 %). The experimental immediate loss monitored in tendon strain of the LC and 
LS beams was 21.5 % and 24.3 %, respectively. 
 
 
5.2.2 Time-dependent Losses in Tendon Strain  
5.2.2.1  Losses in Tendon Strain  
5.2.2.1.1 After Transfer 
Figure 5.13 presents the tendon strains of the two high prestress level beams, viz. 
HC and HS beams after transfer for a duration of 22 days. The tendon strain after 
immediate loss for the HC beam at transfer (Age: 7 days) was measured at 5127 µ. 
There was no significant change in tendon strain during the first 24 hours after 
transfer. However the strain monitored was observed to decrease to about 2020 µ, 21 
days after transfer (Age: 28 days). The loss in the tendon strain of the HC beam after 
transfer for a duration of 22 days was 3107 µ (a decrease of 60.6 %). The high 
percentage loss of tendon strain for the HC beam may be due to anchorage slip 
(between first 24 hours and 21 days). In the case of the HS beam, the tendon strain 
after immediate loss at transfer (Age: 7 days) was measured at 4385 µ. There was no 
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significant change in tendon strain for about 40 hours after transfer. However, the 
tendon strain of the HS beam decreased rapidly to about 3561 µ a further 30 hours 
later. The rapid decrease in tendon strain may be caused by tendon slip in the beam or 
anchorage slip after transfer. The tendon strain monitored gradually decreased to 3275 
µ, 22 days after transfer. The loss in the tendon strain of the HS beams after transfer (a 
duration of 22 days) was 25.3 %.  
 
In the case of the low prestress beams, the total loss in tendon strain after transfer 
for a duration of 22 days was about 40 – 55 % lower than that of high prestress beams. 
Figure 5.14 shows the tendon strain monitored in the low prestress beams, viz. LC 
and LS beams versus age after transfer for a duration of 22 days. The tendon strain 
after immediate loss at transfer (Age: 7 days) for the LC beam was 4792 µ. Α 
significant reduction in tendon strain was monitored, viz. 24.2 %, between 1 and 4 
days after transfer (Age : 7 – 10 days). The tendon strain decreased to 3565 µ, 22 days 
after transfer (a decrease of 25.6 %).  The tendon strain monitored in the LS beams 
reduced from 4952 µ to 4335 µ (a decrease of 12.5 %) after transfer for a duration of 
22 days. From Figure 5.14, it was noted that the change in tendon strain for the LS 
beam was not significant. The tendon strain monitored reduced gradually over a 
duration of 22 days, resulting in a loss in tendon strain of 12.5 %. 
 
Table 5.4 shows the loss in tendon strain of the prestressed beams after transfer 
(duration of 22 days) and during service. From Table 5.4, it was observed that the loss 
in tendon strain of the HC and HS beams were much higher when compared to that of 
the LC and LS beams. The lower loss in tendon strain in the LC and LS beams may 
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be attributed to the lower prestress level. For high prestress beams (HC and HS 
beams), the creep of the concrete at tendon level was expected to be higher due to the 
higher stress to strength ratio, and the resultant higher creep is likely to increase 
prestress loss in tendons. The stress to strength ratio of concrete at the tendon level for 
the HC and HS beams averaged 0.42 and 0.35, respectively after transfer of 
prestressing force. The stress to strength ratio of the concrete at the tendon level for 
the LC and LS beams was only 0.26 and 0.18, respectively. 
 
 
5.2.2.1.2 During Service  
For this discussion “during service” is taken to mean subjecting the beams to their 
respective service loads (section 4.3.3.1) for a duration of 2 months. Figure 5.15 
shows the tendon strains for the HC and HS beams during service. HC beam was 
loaded with its service load of 16.29 kN/m, 22 days after transfer of the prestressing 
force (Age: 28 days). It was mentioned earlier that HS beam was not loaded during 
service (only self-weight). The initial and final tendon strains for the HC beam during 
service (for a duration of 2 months) reached 2070 µ and 2178 µ, respectively. The 
change in tendon strain for the HC beam was not significant, increasing by only 5.2 %. 
On the other hand, HS beam which was subjected to only self-weight during service 
registered a tendon strain reduction from 3288 µ to 2918 µ (a decrease of 11.3 %).  
 
In the case of the low prestress level beams, the service loads applied on the LC 
and LS beams were 28.29 kN/m and 30.77 kN/m, respectively at the age of 28 days. 
Figure 5.16 shows the tendon strains for the LC and LS beams during service (for a 
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duration of 2 months). The loss in tendon strain for both LC and LS beams during 
service was very small, averaging only 2.2 % and 4.0 %, respectively. The tendon 
strains in the LC beam decreased from 3585 µ to 3505 µ while that of in the LS beam 
decreased from 4379 µ to 4206 µ. The losses in tendon strain of the beams during 
service are shown in Table 5.4. 
 
 
5.2.2.2 Comparison of Monitored and Predicted Tendon Strains 
5.2.2.2.1 After Transfer 
Figures 5.17 to 5.20 present the monitored and predicted tendon strains for the 
HC, HS, LC and LS beams after transfer for a duration of 22 days. Two methods 
(section 3.2.2.2) were used to calculate the predicted tendon stress over time and they 
were then compared to the monitored tendon strains. The methods of prediction used 
were designated “Predict 1” and “Predict 2” as shown in the figures. It was noted that 
“Predict 1” and “Predict 2” used equation 3.11 and 3.13, respectively to calculate the 
loss in tendon stress due to creep. Both methods used equation 3.16 to calculate the 
loss in the tendon stress due to shrinkage. The loss in tendon strain of the beams may 
be obtained by dividing the calculated loss in tendon stress with modulus of elasticity 
of tendon used, 200 GPa. 
 
From Figure 5.17, the initial tendon strain monitored in the HC beam after 
immediate loss in tendon strain at transfer registered 5127 µ. Predictions of tendon 
strains after transfer were calculated based on this initial monitored value (Age: 7 
days). As discussed in section 5.2.2.1.1, tendon strain in the HC beam did not change 
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significantly after transfer for a period of 24 hours. From Figure 5.17, it was noted 
that the monitored loss in tendon strain in the HC beam was 42.87 % after transfer for 
a duration of 6 days (Age: 13 days). On the other hand, the calculated loss in tendon 
strain of the HC beam using “Predict 1” and “Predict 2” was only 10.8 % and 7.63 %, 
respectively after transfer for a duration of 6 days. Higher monitored loss in tendon 
strain of the HC beam within 6 days after transfer may be attributed to the slip of 
tendon in the beam. It may also be due to variation in uniformity of degree of 
compaction of the concrete along the length of the beam. After transfer for a duration 
of 22 days, the total loss in tendon strain (5127 µ to 2020 µ) of the HC beam was 60.6 
% (Age: 28 days). The predicted total loss in tendon strain after transfer (duration of 
22 days) of the HC beam using “Predict 1” (5127 µ to 4141 µ) and “Predict 2” 
(5127 µ to 4510 µ) was much lower when compared to experimental value, viz. 19.2 
% and 12.0 %, respectively.  
 
The initial tendon strain monitored in the HS beam after immediate loss in tendon 
strain at transfer registered 4385 µ (Figure 5.18). Predictions of tendon strains after 
transfer were calculated based on this initial monitored value (Age: 7 days). It may be 
noted from Figure 5.18 that there was a rapid reduction in tendon strain monitored in 
HS beam between 1 and 4 days after transfer. The loss in tendon strain of the HS 
beam was 21.1 % after transfer for a duration of 4 days. In contrast, the calculated 
loss in tendon strain of the HS beam using “Predict 1” and “Predict 2” was only 10.3 
% and 6.8 %, respectively after transfer for a duration of 4 days. The rapid decrease in 
monitored tendon strain of the HS beam may again be caused by tendon slip in the 
beam and anchorage slip. The wedges may not be properly seated on the anchorage 
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block during transfer of prestressing force. The monitored tendon strain in the HS 
beam reached 3275 µ (a decrease of 25.3 %) after transfer for a duration of 22 days. 
Calculated tendon strain in HS beam using “Predicted 1” reached 3273 µ (a decrease 
of 25.3 %) after transfer for a duration of 22 days, which was very close to monitored 
tendon strain of 3275 µ. Calculated tendon strain in the HS beam after transfer 
(duration of 22 days) using “Predict 2” reached 3740 µ (a decrease of 14.71 %).  
 
The initial tendon strain monitored in the LC beam was 4792 µ after immediate 
loss in tendon strain at transfer. From Figure 5.19, it was observed that the monitored 
tendon strain in the LC beam after transfer for a duration of 22 days was lower when 
compared to that of both prediction methods. The monitored loss in tendon strain of 
the LC beam was 23.6 %, 3 days after transfer (Age: 10 days). On the other hand, the 
calculated loss in tendon strain of the LC beam using “Predict 1” and “Predict 2” was 
only 4.65 % and 3.8 %, respectively after transfer for a duration of 3 days. Higher loss 
in monitored tendon strain of the LC beam during the early stages after transfer may 
be due to tendon slip and non uniform compaction of the concrete as mentioned 
previously. After transfer for a duration of 22 days, the monitored tendon strains in the 
LC beam reached 3565 µ (a decrease of 25.6 %). The calculated loss in tendon strains 
of the LC beam using “Predict 1” (4792 µ to 4144 µ) and “Predict 2” (4792 µ to 4341 
µ) was 13.52 % and 9.41 %, respectively after transfer for a duration of 22 days.  
 
Figure 5.20 shows the monitored and predicted tendon strains in the LS beam 
with age after transfer for a duration of 22 days. It was clear that the calculated tendon 
strain in the LS beam using “Predict 1” and “Predict 2” agreed well with the 
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monitored tendon strain after transfer. The initial tendon strain monitored in the LS 
beam was 4952 µ after immediate loss in tendon strain at transfer. The monitored 
tendon strain in the LS beam reached 4335 µ (a decrease of 12.46 %) after transfer for 
a duration of 22 days. The calculated tendon strain in the LS beam using “Predict 1” 
and “Predict 2” reached 4058 µ  (a decrease of 18.05 %) and 4405 µ  (a decrease of 
11.05 %), respectively after transfer.  
 
 
5.2.2.2.2 During Service   
Figures 5.21 to 5.24 show the predicted and monitored tendon strains of the 
beams during service for a duration of 2 months. HC, LC and LS beams were loaded 
to their respective service loads at the age of 28 days. HS beam was not subjected to 
any service load (only self-weight) during service for a duration of 2 months. The 
curves were plotted initiating from the actual values of the strains monitored in the 
respective beams. Thus, the magnitude of the tendon strain at the start of the 2 months 
duration (for application of service loads) varies between beams LC and LS, and HC 
and HS.  
 
From Figure 5.21, tendon strain monitored in the HC beam increased from 2070 
µ  (Age: 28 days) to 2178 µ (Age: 90 days) during service for a duration of 2 months. 
The change in tendon strain of the HC beam was not significant, increasing by only 
5.22 % during service. The calculated loss in tendon strain of the HC beam using 
“Predict 1” and “Predict 2” also was not significant, 2.99 % and 1.75 %, respectively.  
Figure 5.22 shows the predicted and monitored tendon strains in the HS beam 
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during service for a duration of 2 months. The initial tendon strain in the HS beam 
obtained experimentally and using “Predict 1” were about the same, viz. 3288 µ and 
3273 µ, respectively at the age of 28 days. The loss in tendon strain of the HS beam 
obtained experimentally and using “Predict 1” were 11.25 % and 10.6 %, respectively 
during service agreeing well with each other. The loss in tendon strain of the HS beam 
obtained using “Predict 2” was 4.65 % during service for a duration of 2 months. The 
loss in tendon strain obtained using “Predict 1” was higher when compared to that 
obtained using “Predict 2”. This may be caused by the reduction of the effective 
modulus of elasticity (Ece) with time used in “Predict 1” (Equation 3.11), resulting in 
higher loss in tendon strain (section 3.2.2.2). 
 
Based on Figure 5.23, the tendon strain monitored in the LC beam decreased 
from 3585 µ to 3505 µ during service for a duration of 2 month (Age: 28 to 90 days). 
The decrease in tendon strain during service was 80 µ, which was the same with that 
obtained using “Predict 1” and “Predict 2”. The loss in tendon strain of the LC beam 
obtained experimentally (3585 µ to 3505 µ), using “Predict 1” (4144 µ to 4064 µ) and 
“Predict 2” (4341 µ to 4261 µ) was 2.23 %, 1.93 % and 1.84 %, respectively during 
service.  
 
 The initial tendon strains of the LS beam obtained experimentally and using 
“Predict 2” were analogous, viz. 4379 µ and 4406 µ, respectively upon application of 
service load of 30.77 kN/m (Figure 5.24). On the other hand, the initial tendon strain 
of the LS beam obtained using “Predict 1” was 4058 µ, which was 7.33 % lower than 
that of experimental initial strain upon application of service load. The monitored loss 
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in tendon strain of the LS beam during service duration of 2 months was 3.95 %, 
which was slightly greater than that obtained using “Predict 1” (3.08 %) and “Predict 
2” (2.45 %).  
 
 
5.2.3 Changes in Extreme Top and Bottom Fiber Strains with Age 
Figure 5.25 to 5.28 show the distribution of strains monitored across the depth of 
beams with time. In the figures, positive and negative strains indicate tension and 
compression, respectively. Strength development of both the SCC and conventional 
concrete were analogous for both sets of beams.  
 
From Figures 5.25 and 5.26, the strains at the extreme bottom fibers of the HC 
and HS beams at the age of 7 days (at transfer) were comparable, which were -739 µ 
and -783 µ (compression), respectively. After transfer after a duration of 22 days (Age: 
28 days), the compressive strains monitored at the extreme bottom fiber of the HC 
beam increased to -823 µ, an increase of 11.4 %. This was accompanied by a 
reduction in the strain in the tendon. The compressive strain monitored at the extreme 
bottom fiber of the HS beam reduced to -574 µ, a reduction of 20.8 % after transfer 
after a duration of 22 days (Age: 28 days). In this case the reduction in the 
compressive strain at the extreme bottom fiber was accompanied by a gain in tendon 
strain. This set of experimental results supported the discussion in section 5.2.2.1.1 
indicating lower loss in tendon strain in the HS beam after transfer. The changes in the 
strain in the concrete were due to a combination of creep and shrinkage effects and 
also prestress losses. Upon first application of service loads at the age of 28 days, the 
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extreme bottom fiber compressive strain monitored in the HC beam decreased to -711 
µ (13.6 % decrease). After application of service loads for a duration of 2 months 
( Age: 28 to 90 days), the compressive concrete strains monitored at the extreme 
bottom fiber of the HC beam increased from -711 µ to -802 µ (12.8 % increase). The 
compressive strain at the extreme bottom fiber of the HC beam, then recovered (from 
-802 µ to -924 µ) upon removal of service load at the age of 90 days. The amount of 
recovery was very similar to the increase in strain upon application of service load.  
 
During service (Age: 28 to 90 days), the increase in compressive strain monitored 
at the extreme bottom fiber of the HS beam was 171 µ, which was 88 % more than 
that of the HC beam of 91 µ. This result agreed well with the discussion in section 
5.2.2.1.2 which stated that the loss in tendon strain of the HS beam was slightly 
higher when compared to that of the HC beam. 
 
Load test to ultimate on the HC and HS beams was carried out at the age of 106 
days and 121 days, respectively (Figures 5.25 and 5.26). At the design load of 100 kN 
(150 kNm) during load to ultimate testing, the strain monitored at the extreme bottom 
fiber of the HC beam was -680 µ (compression). On the other hand, the strain 
monitored at the extreme bottom fiber of the HS beam was -575 µ (compression) at its 
design load of 75 kN (112.5 kNm). These design loads were taken such that the 
concrete stress to strength ratios at the extreme top and bottom fibers of the beams 
were within the allowable stress to strength ratios (0.5 for compressive and 0.025 for 
tensile) of class 1 members at transfer (BS 8110, Clause 4.3.5).The strain values of 
the extreme top fiber of the HC and HS beams at cracking and crushing of concrete 
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are shown in Figures 5.25 and 5.26, respectively. 
 
From Figures 5.27 and 5.28, the extreme bottom fiber strains of the LC and LS 
beams at the age of 7 days (at transfer) were -470 µ and -343 µ (compression), 
respectively. After a duration of 22 days after transfer (Age: 28 days), the extreme 
bottom compressive strain monitored in the LC beam increased to -555 µ. The 
extreme bottom compressive strain monitored in the LS beam increased to -355 µ, 
much lower than that of the LC beam. This smaller increase in compressive strain at 
the extreme bottom fiber in the LS beam for a duration of 22 days after transfer 
indicated that the tendon strain monitored in the LS beam seemed more stable when 
compared to that of the LC beam. As stated in section 5.2.2.1.1, the loss in the tendon 
strain of the LS beam was lower when compared to that of the LC beam after transfer 
for a duration of 22 days. The compressive strain monitored at the extreme bottom 
fiber of the LC beam reduced from -555 µ to -316 µ upon first application of service 
load at the age of 28 days. The compressive strain monitored at the extreme bottom 
fiber of the LS beam reduced from -355 µ to -154 µ upon first application of service 
load (age - 28 days). The increase in compressive strain monitored at the extreme 
bottom fibers of the LC and LS beams after application of their respective service 
loads for a duration of 2 months (Age: 28 - 90 days) was 46 µ and 1 µ, respectively. 
The compressive strain recovery of the LC beam upon removal of service load was 
220 µ, which was 0.92 times the strain value upon application of service load. The 
compressive strain recovery of the LS beam upon removal of service load was similar 
at 195 µ, which was 0.97 times the strain value upon application of service load. 
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Load test to ultimate on the LC and LS beams was carried out at the age of 106 
and 121 days, respectively. At the design load of 60 kN (90 kNm) during loading to 
ultimate, the extreme top and bottom fiber strains of the LC beam was -208 µ and 
-502 µ. The extreme top and bottom fiber strains in the case of the LS beam was -126 
µ and -263 µ at the design load of 50 kN (75 kNm). The strains at the extreme top 
fiber of the LC and LS beams at cracking and crushing of concrete are also shown in 
Figures 5.27 and 5.28. 
 
 
5.2.4 Deflection of Prestressed Beams versus Age  
Figures 5.29 and 5.30 show the deflection of the high and low prestress level 
beams versus age. Theoretical values calculated using Equation 3.19 are also shown. 
From both figures, it was clear that the theoretical deflection curves agreed quite well 
with the experimental values. In the figures, a positive sign indicates camber while 
negative sign indicates deflection downwards.  
 
Monitoring of the deflection of the beams was started at the age of 28 days, when 
the beams (HC, LC, LS) were loaded with their respective service loads. From Figure 
5.29, the camber of the HC beam reduced from 5.68 mm to 3.59 mm upon application 
of its service load of 16.29 kN/m at the age of 28 days. After application of service 
load for a duration of 2 months (Age: 28 to 90 days), the camber of the HC beam 
decreased gradually from 3.59 mm to 2.9 mm. This is probably due to creep effects, 
accompanied by the tendon strains monitored not changing much with time. It was 
reported previously in section 5.2.2.1.2 that there was no significant loss in tendon 
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strain in the HC beam. The camber of the HC beam was increased from 2.9 mm to 
5.06 mm when the service load was removed. The camber recovery was very similar 
to the reduction in camber upon first application of service load. The camber of the 
HC beam continued to increase slowly to 5.64 mm, 9 days after removal of service 
load reaching. The camber of the HS beam slowly increased from 5 mm to 5.72 mm 
after a duration of 2 months. The increase in camber was probably caused by creep 
especially in the concrete at the bottom of the beam resulting in a loss in the prestress 
force.  
 
Figure 5.30 presents the experimental and theoretical deflection curves of the low 
prestress beams with time. The camber of the LC beam reduced from 4.54 mm to 0.47 
mm upon application of its service load of 28.29 kN/m. In the case of LS beam, the 
camber reduced from 3.0 mm to 0.14 mm upon application of its service load of 30.77 
kN/m. After application of service load for a duration of 2 months (Age: 28 – 90 days), 
the “deflection” of the LC beam slowly changed from a camber of 0.48 mm to a 
deflection of -0.16 mm. The total deflection of the LC beam after application of 
service load after a duration of 2 months was 0.64 mm.  
 
The total deflection of the LS beam after application of service load after a 
duration of 2 months was 1.11 mm. The “deflection” of the LS beam changed from a 
camber of 0.16 mm (Age: 28 days) to a deflection of -0.95 mm (Age: 90 days), higher 
than that of the LC beam.  
Service loads of the LC and LS beams were removed at the age of 90 and 104 
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days, respectively. The deflection of the LC beam changed from a deflection of -0.16 
mm to a camber of 3.3 mm upon removal of its service load. This (3.14 mm) was 
22.85 % lower than the reduction in camber of 4.07 mm upon application of service 
load. For the LS beam, the “deflection” changed from a deflection of -1.4 mm to a 
camber of 2.28 mm when the service load was removed. The total camber recovery 
upon removal of service load was 3.68 mm. 
 
 
5.3 Load Test to Ultimate 
5.3.1 Load versus Deflection 
The load-deflection curves for the HC, HS, LC and LS beams at midspan are 
shown in Figures 5.31, 5.32, 5.33 and 5.34, respectively. Table 5.5 summarizes the 
test results and compares them with corresponding theoretical values. For deflection 
in the above mentioned figures, positive sign indicates camber while negative sign 
indicates deflection. All the beams cambered upwards before the load test to ultimate 
started. Several points of interest may be identified from the load-deflection curves of 
the prestressed beams, viz. balanced loads, first cracking loads, yielding and failure 
loads.  
 
The initial camber of the HC and HS beams before the start of the load test to 
ultimate was 4.26 mm and 5.74 mm, respectively (Figures 5.31 and 5.32). The HC 
and HS beams reached a balanced state (zero deflection) at a load of 174.34 kN and 
184.2 kN, respectively. The applied loads increased linearly with the deflection of the 
prestressed beams before occurrence of first crack. The theoretical and experimental 
deflections at midspan were 2.23 mm and 2.49 mm, respectively for the HC beam, 
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and 3.16 mm and 3.55 mm, respectively for the HS beam at their respective design 
load (Table 5.5). A reduction in the slope on the load-deflection curve at an applied 
load of approximately 175 kN was observed for both the HC and HS beams, probably 
caused by the onset of cracking. The theoretical cracking load for the HC and HS 
beams were 188.3 kN and 147.8 kN, respectively (Table 5.5). At the cracking load of 
175 kN, the experimental “deflections” of the HC and HS beams at midspan were 
-0.08 mm (deflection) and 0.34 mm (camber), respectively. The measured deflections 
were close to the theoretical values as shown in Table 5.5. The tendons of both the HC 
and HS beams did not yield at failure indicating that the beams may be 
over-reinforced. The theoretical ultimate strength of the HC beam was 496.48 kN, 
which was 7.24 % lower than the experimental value of 535.24 kN. At the 
experimental ultimate load of 535.24 kN, the experimental and theoretical deflections 
of the HC beam at midspan were -77.91 mm and -57.60 mm, respectively. In the case 
of the HS beam, the theoretical and experimental ultimate loads were 486.75 kN and 
544.8 kN, respectively. At the experimental ultimate load of 544.8 kN, the 
experimental and theoretical deflections of the HS beam were -77.02 mm and -58.63 
mm, which were similar to those of the HC beam.  
 
From Figures 5.33 and 5.34, it may be observed that the cambers of the LC and 
LS beams before the start of the load tests to ultimate were 3.54 mm and 2.64 mm, 
respectively. They attained a balanced state at a load of 113.72 kN and 90.22 kN, 
respectively. Balanced state for the LC beam was achieved at a higher load level when 
compared to the LS beam because the initial camber of the LC beam was 1.34 times 
greater than the initial camber of the LS beam. At the design load of 60 kN, the 
deflection at midspan of the LC beam was 1.69 mm (camber) and the corresponding 
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theoretical value was 1.55 mm (camber) (Table 5.5). On the other hand, the 
experimental and theoretical deflections at midspan of the LS beam were 1.22 mm 
and 1.00 mm (camber), respectively at its design load of 50 kN. The experimental 
cracking load of both the LC and LS beams was 125 kN. However, the theoretical 
cracking load of he LC and LS beams was 132.67 kN and 129.32 kN, respectively. At 
first cracking, the monitored deflection at midspan was -0.48 mm for the LC beam; 
and -1.19 mm for the LS beam. Theoretical deflections of the LC and LS beams were 
-0.92 mm and -1.81 mm, each. The load at yield of LC and LS beams were 387.54 kN 
and 397.62 kN, respectively. From the theoretical calculations, the tendon in both the 
LC and LS beams did not yield at failure. However, the tendon stresses in both beams 
were very close to yielding (1860 MPa) at failure. From Figures 5.33 and 5.34, very 
little or no increase of load was observed with an increase in deflection after yielding. 
At first yielding, the deflection monitored on the LC and LS beams were -48.67 mm 
and -50.18 mm, respectively. The experimental ultimate strength of the LC and LS 
beams were 403.36 kN and 405.14 kN, respectively. The theoretical ultimate strains 
were very close to experimental values, viz. 397.38 kN and 396.75 kN. At ultimate, 
the experimental and theoretical deflections were -85.78 mm and -70.22 mm, 
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5.3.2 Load versus Strain 
Figures 5.35 to 5.38 illustrate the changes in concrete strain at a section at 
midspan for different load levels for the HC, HS, LC and LS beams. The strain 
distribution shown is for before cracking of the beams.  
 
Figure 5.39 shows the strains monitored using strain gauges mounted on the top 
and bottom steels in the prestressed beams. For the HC beam, the load vs. strain curve 
for the bottom reinforcing steel registered a rapid increase in strain after the cracking 
load of 175 kN. The bottom reinforcing steel yielded at the load of 414.66 kN. The 
top reinforcing steel also yielded at a load of about 432 kN. Similar trends are 
observed for the HS, LC and LS beams. Table 5.6 summarizes the loads when the 
reinforcing steel in the beams yielded. 
 
 
5.3.3 Crack Pattern 
Figures 5.40 shows the crack patterns developed in the prestressed beams after 
failure. It was observed that the crack patterns of the four beams (HC, HS, LC and LS 
beams) were very similar. The first crack occurred near the midspan of the beam at a 
load level of 175 kN for high prestress beams, and 125 kN for low prestress beams. 
During the early stages of loading, the cracks started as flexural cracks. The cracks 
then propagated in an inclined direction with an increase in load during testing. In 
other words, as the load increased further, more flexure-shear cracks than flexural 
cracks were observed. All the beams failed by crushing of the concrete at the extreme 
top fiber at midspan. 
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Table 5.1: The cube compressive strength of the SCC and conventional concrete. 
Age  Compressive Strength(MPa) 
Concrete (Days) Test Result Predicted 
    
SCC 1 12.5 12.9 
 2 19.6 20.1 
 3 25.0 24.7 
 4 28.5 27.9 
 5 28.6 30.2 
 6 32.1 32.0 
 7 35.4 33.4 
 14 37.2 38.4 
 24 41.9 41.0 
 28 42.0 41.5 
 39 42.5 42.5 
 62 42.8 43.5 
 93 43.9 44.1 
 121 44.2 44.3 
        
    
Conventional 
Concrete 1 15.6 14.6 
 2 22.2 22.2 
 3 24.9 26.9 
 4 31.2 30.1 
 5 31.7 32.4 
 7 36.1 35.5 
 14 40.8 40.3 
 25 41.8 42.9 
 26 41.9 43.0 
 28 44.8 43.2 
 80 45.7 45.4 
 108 45.4 45.8 
 121 - 45.8 
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Table 5.3: The strain in the tendons at transfer.  
Before losses 
Experimental Theoretical Experimental Theoretical Experimental Theoretical 
HC 6149 5127 4775 1022 1374 16.62 22.35
HS 6219 4385 4680 1834 1539 29.49 24.75
LC 6104 4792 4779 1312 1325 21.49 21.71
LS 6538 4952 5146 1586 1392 24.26 21.29
Percentage of losses (%)Beam 
Designation
Strain in tendon (µ)


















Table 5.4: The loss in tendon strain after transfer (Duration: 22 days) and during  
service (Duration: 2 months). 
Before Losses After Losses
After Transfer
(Duration: 22 days)
HC 5127 2020 3107 60.6
HS 4385 3275 1110 25.3
LC 4792 3565 1227 25.6
LS 4952 4335 617 12.5
During Service 
(Duration: 2 months)
HC 2070 2178 -108 -5.2
HS 3288 2918 370 11.3
LC 3585 3505 80 2.2
LS 4379 4206 173 4.0
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Table 5.5: Comparison of the design values and the test results 
Stage Monitored Theory Monitored Theory
Design - 100 2.49 2.23
Cracking 175 188.3 -0.08 -0.78
Yield - - - -
-77.91 (at 535.24 kN)
-45.36 (at 496.48 kN)
Design - 75 3.55 3.16
Cracking 175 147.77 0.34 0.59
Yield - - - -
-77.02 (at 544.8 kN)
-34.64 (at 486.75 kN)
Design - 60 1.69 1.55
Cracking 125 132.67 -0.48 -0.92
Yield 387.54 - -48.67 -67.19(at 387.54 kN)
-85.78 (at 403.36 kN)
-63.85 (at 397.38 kN)
Design - 50 1.22 1.00
Cracking 125 129.32 -1.19 -1.81
Yield 397.62 - -50.18 -70.03 (at 397.62 kN)
-91.30 (at 405.14 kN)
-67.33 (at 396.75 kN)
Loading (kN) Deflection (mm)Beam

















Table 5.6: Loads when the reinforcing steel in the beams yielded. 
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Figure 5.2: Cube compressive strength of the conventional concrete versus time. 
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Figure 5.4: The modulus of elasticity of the conventional concrete versus time. 
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Figure 5.6: Predicted shrinkage strain versus time for a duration of 365 days (After 
the age of 7 days).  
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Figure 5.8: Predicted creep strain versus time for a duration of 365 days (After the  
 age of 7 days). 
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Figure 5.10: Predicted unit creep versus time for a duration of 365 days (After the age  
   of 7 days). 
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Figure 5.11: The predicted time-dependent deformation of the SCC versus time 




























Figure 5.12: The predicted time-dependent deformation of the conventional 
concrete versus time (After the age of 7 days). 
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Figure 5.14: Tendon strains in the LC and LS beams after transfer. 
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Figure 5.16: Tendon strains in the LC and LS beams during service. 
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Figure 5.17: Experimental and predicted tendon strains in the HC beam after  





























Figure 5.18: Experimental and predicted tendon strains in the HS beam after transfer. 
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Figure 5.20: Experimental and predicted tendon strains in the LS beam after transfer. 
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Figure 5.22: Experimental and predicted tendon strains in the HS beam during 
service. 
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Figure 5.24: Experimental and predicted tendon strains in the LS beam during service.
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Figure 5.30: Experimental and theoretical deflection in low prestress beams versus 
age. 
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Figure 5.32: Load-deflection curve for HS beam at midspan. 
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Figure 5.34: Load-deflection curve for LS beam at midspan. 
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Figure 5.35: Distribution of experimental strains across the beam depth at a section at 
























Figure 5.36: Distribution of experimental strains across the beam depth  
at a section at midspan for different load levels in HS beam. 
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Figure 5.37: Distribution of experimental strains across the beam depth at a section at 
























Figure 5.38: Distribution of experimental strains across the beam depth at a section at 
          midspan for different load levels in LS beam. 
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a) HC Beam 
 
b) HS Beam 
 
c) LC Beam 
 
d) LS Beam 
Figure 5.40: Crack pattern of the prestressed beams after failure. 
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CHAPTER 6  
CONCLUSIONS AND RECOMMENDATIONS 
 
 
6.1 Concrete Mixes 
Based on the test results obtained in this study, the following conclusions can be 
made: 
1. The compressive strength, tensile strength and modulus of elasticity for both 
concrete mixes viz. SCC and conventional concrete, tested were similar. 
 
2. The shrinkage of the SCC mix was slightly higher than that of the conventional 
concrete mix. Although the paste volume of the SCC was considerably higher (30 
% more than that of the conventional concrete) the shrinkage of the SCC mix was 
only 22 % higher after monitoring for a duration of 3 months. 
  
3. Under sustained stress, creep of the SCC mix was higher than that of the 
conventional concrete mix. The difference in creep strains between the SCC and 
conventional concrete was 34 % after monitoring for a duration of 3 months.  
 
4. The unit creep of the SCC and conventional concrete mixes were 83 µ and 62 µ, 
respectively after monitoring for a duration of 3 months. 
 
5. Predicted creep and shrinkage of the SCC and conventional concrete mixes using 
the proposed hyperbolic expressions agreed well with the creep and shrinkage 
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values obtained experimentally (for a duration of 3 months).  
 
 
6.2 Prestressed Beams 
1. At transfer, 7 days after casting, it was observed that the immediate losses in 
tendon stress of the SCC prestressed beams were higher compared to the 
conventional concrete prestressed beams especially when the prestress level was 
high. The loss in the HS beam was almost twice that of the HC beam whereas the 
loss in the LS beam was only 3 % higher than the LC beam.  
 
2. Losses after transfer when the beams were not subjected to loading for a duration 
of 22 days were lower for the SCC prestressed beams. For the H and L beams 
tested, SCC prestressed beams registered only half the losses of the conventional 
concrete prestressed beams.  
 
3. When the beams were subjected to their respective service loads for a duration of 
2 months, the loss in tendon strain was not significant averaging well below 10 % 
in most cases. However the SCC prestressed beams tend to register higher losses.  
 
4. The load at first crack and ultimate load were similar for the two beams each in 
the H and L series. 
 
5. All the beams failed by crushing of concrete at the extreme top fiber at midspan. 
The crack patterns of the SCC and conventional concrete prestressed beams tested 
were similar. 
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6. The theoretical ultimate strength of the beams predicted using BS 8110: 1997 was 




6.3 Recommendations for Future Research 
The ultimate shrinkage values of the SCC and conventional concrete mixes used 
in this research differed slightly from the findings obtained by some researchers, 
possibly due to different experimental conditions adopted, such as ambient 
temperature, relative humidity and concrete mixes (differences in materials, 
water-cement ratio and water-powder ratio). More research on time-dependent 
deformation of SCC used in Singapore is required, especially on shrinkage. 
 
Future work on the creep of concrete should consider the use of embedded 
electrical strain gauges to be connected to computer aided data acquisition system to 
improve the accuracy of creep measurements. This would enable greater reliability in 
the creep measurements. Besides, the maintenance of the applied load is also essential 
in a creep test. A hydraulic system with auto-servo control would be more accurate 
and convenient than the spring system, which needs frequent manual adjustment of 
the applied load. 
 
Future work on the loss in tendon stress of SCC and conventional concrete 
prestressed beams, should consider other parameters such as water-cement ratio, 
water powder ratio, concrete strength and stress-strength ratio of the concrete. These 
parameters may influence the loss in tendon stress at transfer, after transfer and during 
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service.  
 
In practice, most prestressed concrete sections are thin web sections because of 
the beneficial effect of prestressing. Therefore, other shapes of cross section should be 
used in the study of prestress losses such as single T, double T and I sections. Future 
research can concentrate on the loss in tendon stress in SCC externally prestressed 
beams or SCC beams with internal unbonded tendons for comparison with similar 
conventional concrete beams. 
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